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ABSTRACT
The phenomenon of xenobiotic-activated induction of certain members of the 
CYP450 superfamily of haemoproteins, is the basis of this project concerning the 
response of mussels to pollution. This induction by chemicals such as organic 
environmental pollutants, elevates transcription of the CTP450 genes and 
subsequently yields a greater total amount of CYP450 enzyme activity within the 
cell. This mechanism of modulation can be monitored in a number of ways, 
including assay of the final enzyme activity, immunodetection of the enzyme 
protein and detection of the mRNA coding for the specific enzyme isoform. In 
this project I have used the detection of mRNA by Northern blot analysis in an 
attempt to quantify the response of mussel CYPIA levels to pollutants in the 
marine environment. However, invertebrate cDNA probes for CYPIA mRNA, 
suitable for this hybridisation technique, were not available. A CTPIA cDNA 
probe obtained from the rainbow trout was used to hybridise both mussel genomic 
DNA and mRNA (Heilmann et al., 1988). Cross-species hybridisation had been 
previously used by Spry (1991), in detecting CYP4A1 mRNA inM  edulis using 
a rat CTP4A1 cDNA probe.
I have attempted to follow up on this work and examine the expression of other 
members of the CYP450 superfamily mMytiliis sp. A number of CYP450 gene 
families were investigated, including CTPIA, CYP3A, CYP4A and CTPllA 
mRNA species with nucleotide sequence similarity to the vertebrate CZPIA, 
CYP3A, CYP4A and CYPl 1A cDNA probes were shown to be expressed in this 
organism, although clear evidence for hybridising sequences related to CYP450 
genes in genomic DNA was only found for CYP3A and CYPl 1 A.
A study was undertaken to investigate the seasonal changes in the levels of 
expression of CYPIA, CYP3A and CYP4A mRNAs. These studies were 
successful in showing varying mRNA expression over the period of a year, with 
the CTP450 cDNA probes revealing a distinct patterns of expression. The 
seasonal variation observed in M. edulis for putative CYPIA expression was
correlated with microsomal B[a]P metabolism, indicating that the Mytilus sp. 
CYPIA orthologue may have a role in this monooxygenase activity.
To determine if induction of CYPIA mRNA in mussels could be observed using 
classical mammalian CYPIA inducers, Mytilus sp. were treated with the PCB 
congener CB-138 and benzo[a]pyrene in separate studies. Clear evidence of 
modulation of CYPIA mRNA with these inducers was not found. Field studies 
in the Venice lagoon did however reveal modulation of the levels of mussel 
putative CYPIA mRNA at varying sites around the lagoon, which correlated with 
the levels of aliphatic hydrocarbons found in mussel tissues from these sites.
An investigation of the CYP450 system in the alligator was attempted to see if the 
cross-species hybridisation technique could be extended to other aquatic species. 
Alligators were exposed to 3-MC, PB and clofibrate and the mRNA hybridised 
with the vertebrate cDNA probes for CZPIA, C7P2B, C7P2C, CYP2D, CYP2E 
and C7P4A. No clear elevation of mRNA levels could be determined from this 
study, mainly due to the low number of animals used for the control time points.
In an attempt to optimise the CYPIA and CYP4A hybridisation techniques in the 
mussel, the mussel genomic library produced by Dr. A. Spry (1991) was screened 
in an attempt to find the mussel DNA sequences equivalent to these two 
CYP450s. PCR on genomic DNA and cDNA was also employed to perform the 
same function. Although there was strong evidence that sequences related to 
vertebrate CYPIA had been isolated using the PCR approach at the time, 
nucleotide sequencing has not substantiated this finding.
In summary I have demonstrated that the use of the O. mykiss CYPIA probe 
could possibly be used to examine xenobiotic-induced modulation of CYP450 
levels in the mussel, although as yet only one initial experiment in the Venice 
lagoon has shown promise. The reason for the discrepancies that occur in the 
results of all the experiments is probably due to non-specific hybridisation of the 
probe to other members of the CYP450 superfamily that may be present within the 
mussel.
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CHAPTER 1
INTRODTICTTON
UL THE CYTOCHROME P450 STJPERFAMH V
Cytochrome P450 (EC 1.14.14.1), was first identified in 1958 by two groups led by 
Klingenberg and Garfinkel and was described as a binding pigment in rat and pig 
respectively, showing a Soret absorbance maxima at 450 nm when complexed with carbon 
monoxide. In 1961, Sato and Omura showed that the pigment was composed of a haem- 
containing protein and subsequently gave it the name cytochrome P450, which has now 
been abbreviated to CYP450 (see section 1.2.2. for nomenclature system).
It is now known that cytochromes P450 are a superfamily of isoenzymes each with a 
haem prosthetic group. The precursor polypeptide to all the members of CYP450 family 
is thought to have originated over 3.5 billion years ago. The subsequent family members 
have arisen via divergent evolution from this common ancestor (Nelson et a l, 1993). The 
oldest form of CYP450 is thought to be CYPlOl, also known as CYP450gg ,^ from 
Pseudomonas putida. This soluble isozyme along with CYP450 BM-3 and CYP450 
(terp) have been crystallized (Poulos et al, 1986; Boddupalli et al, 1992) providing 
extensive structural information (reviewed by Gonzalez, 1989).
CYP450 has been found in a diverse array of organisms ranging from mammals to 
prokaryotes (Nelson et a l, 1993). In mammals and plants CYP450 proteins are 
associated with the membrane of the endoplasmic reticulum, mitochondria and nuclear 
envelope. The number of C7P450 genes within the genome of an organism appears to 
increase with evolutionary advance. For example, mammals are indicated to have more 
C7P450 genes than crustaceans. This increase in the number of C7P450 forms is thought
to be partly due to exposure to dietary differences and resultant 'animal-plant warfare' 
(Gonzalez and Nebert, 1990).
In 1965, Cooper et al. demonstrated that the catalytic function of the enzyme was the 
terminal oxidase of the microsomal mixed-function oxygenase (MFO) system. It is now 
known that CYP450 is the substrate-binding component and determines the specificity of 
the reaction (Gibson and Skett, 1994) It catalyses the oxidation of a wide variety of 
structurally diverse compounds by inserting a single atom, from molecular oxygen, into 
the substrate (Gibson and Skett, 1994). Other enzymes, such as flavoprotein 
monooxygenase, can also perform a certain number of these monooxygenation reactions, 
but they show a different and somewhat more restrictive substrate range (Gibson and 
Skett, 1994).
Substrates for CYP450 include endogenous compounds such as steroids, fatty acids 
(including prostaglandins and leukotrienes) and exogenous compounds such as drugs, 
food additives and industrial chemicals which can enter the body through food sources, 
inhalation from the air and absorption through the skin. The function of CYP450 and 
other enzymes of phase I biotransformation is to introduce a functional group (e.g, 
COOH, -OH, -NH2 ) into the fat-soluble xenobiotic. The conjugase enzymes of phase II 
metabolism, such as uridine diphosphate (UDP)-glucuronosyltransferase [EC. 2.4.1.17] 
and sulphotransferase [EC. 2.8.2.1], can subsequently attach a large polar moiety so 
making the resultant metabolite more water-soluble than the parent compound (Boobis 
et al., 1985; Gibson and Skett, 1994).
Metabolism of substrates by CYP450s is responsible for the production of many essential 
steroid hormones, the regulation of blood levels of therapeutic agents in man and 
mammals and the removal of unwanted chemicals which would accumulate because of 
their lipophilicity and which could cause the generation of toxic metabolites leading to 
acute cell injury, damage to genetic material and production of tumours (Nebert and 
Gonzalez, 1987; Gonzalez, 1989; 1990).
LZ CHARACTERISTICS OF THE CYP450 FAMH V
1.2.1 Structure and synthesis of the protein
The single iron protoporphyrin IX prosthetic group consists of a haem iron bound to four 
nitrogen atoms in a porphyrin ring. There are two axial ligands associated with the 
porphyrin ring, one of which is attached by a sulphydryl group to a cysteine residue 
located toward the carboxyl end of the protein; the other is attached to water or to the 
protein at a tyrosine residue (Gibson and Skett, 1994). Throughout the superfamily the 
amino acid and nucleotide sequences are conserved around the cysteine residue which 
provides the thiolate group for the 5th ligand (Lewis and Moereels, 1992).
1.2.2 CYP450 nomenclature
To date 221 C7P450 genes, divided into 36 subfamilies and 12 putative psuedogenes, 
have been reported; they are found in 31 eukaryotic and 11 prokaryotic species (Nelson 
et al, 1993). It is estimated that as many as 60 and perhaps up to 200 different C7P450 
genes are present within a given mammalian species (Puga and Nebert, 1989).
The diversification of the original apoprotein into the many different isozymes has been 
studied by comparing amino acid sequences. Subsequently a number of CYP450 
evolutionary trees have been published, including those by Nebert and Nelson (1992) and 
Degtyarenko and Archakov (1993), the most recent being shown in figure 1.1.
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Figure 1.1 Phylogenetic tree of the CYP450 superfamily, compiled by Degtyarenko 
and Archakov, (1993). This tree consists of a multiple alignment of 26 
consensus sequences (=) and 30 unique sequences.
Key to abbreviations:
N O S-
identifies the consensus sequence for nitric oxide synthases. Ins, insects; Mam, Mammalia; Ver, Vcnebrata; Yst, yeasts; Chi, chicken; Hum, human; 
Rab, rabbit; Rat, rat; Tro, trout; Bdi, Blabcrus discoidalis (cockroach); Dme, Drosophila mclanogaster (fruit fly); Bpx, PapUio polyxenes (butterfly); 
Lst, Lymnea stagnalis (pond snail); Cro, Catharanthits roseus (Madagascar periwinkle); Htu, Hclianthus luberosus (Jerusalem artichoke); Pam, Persea 
omericana (avocado); Anl, Aspergillus niger, Cma, Candida maltoscr, Ctr, Candida tropicalir. Fox, Fusarium oxysporum'. See, Saccharomyces 
ccrevLsiac, Ana, Anabaena spp.; Atu, Agrobacterium tume/acienr, BJa, Brodyrhiznhium Japonicum' Bme, Bacillus megcierium; Bsu, Bacillus subtilir, 
Ppu, Pseudomonas putidar, Pse, Pseudomonas spp.; Scr, Saccharopolyspora erythraca; Sgl, Sircptomyces griscolur, Sgr, Strcptomyces griscus; Sir,
Streptour^xcs spp.
It has been recommended by Nebert et al. (1991) and Nelson et al. (1993) that the 
following nomenclature be used for the classification of the difierent gene/enzyme forms 
of the CYP450 family:- For the gene and cDNA, an italicized root CYP {Cyp for the 
mouse) is used to represent CYP450; an Arabic number is added for the P450 family, a 
letter for the subfamily and another Arabic number for the individual gene; for the mRNA 
and the apoprotein, the root CYP is not italicized (no change for mouse).
To assign a name for a novel CYP450 the amino acid sequence of the apoprotein needs 
to be known or deduced from the cDNA. If the sequence similarity between the new 
CYP450 and all others is less than 40% then the CYP450 is considered as belonging to 
a new family. If the novel CYP450 has a greater than 40% sequence similarity to the 
sequence of an already discovered apoprotein then they are considered as the same family. 
If it is greater than 55% similar to a particular subfamily, then it is considered to be of the 
same subfamily. The individual isoenzymes are arbitrarily assigned numbers in order of 
their discovery. If there are less than 3% amino acid differences within the sequence then 
they are given the same name, unless it can be shown to be a distinct gene (Nebert et al, 
1991).
Naming a new CYP450 is also based on evolutionary association with previously named 
families. Fungal, yeast and other lower eukaryote families start at CYP51 and can 
continue to CYP69. Plant gene families start at CYP71 and may continue to CYP99. 
Bacterial families start at CYP 101 (Nebert and Nelson, 1992).
1.2.3 Metabolism of substrates by CYP450
CYP450 has been shown to be present in many tissues within an organism, including 
kidney and intestine, but most is localized in the liver or equivalent organ (Burke and 
Orrenius, 1982). The biotransformation of xenobiotics can be separated into phase I and 
phase II metabolism which, respectively, perform functionalization and conjugation 
reactions (Williams, 1959; Gibson and Skett, 1994). Phase I metabolism catalyses nearly 
every possible chemical reaction that a compound can undergo, e.g. oxidation, reduction.
hydrolysis and hydration. This has the effect of introducing a reactive functional group 
(see before) into the xenobiotic, so preparing it for phase II. Phase II attaches a polar 
molecule to the reactive group producing water-soluble excretable conjugates and is, 
therefore, the main detoxication pathway (Guengerich, 1991).
There are two types of binding of the substrate to the CYP450 molecule which show 
distinct spectral patterns. These are type I spectra where the substrate binds to the 
apoprotein and type II spectra where the substrate binds to the haem of the enzyme. 
These spectra are characterized by their absorption pattern, i.e. type I difference spectra 
has a X mimmum at around 422 nm and a X maximum at 390 nm whereas type II have a 
X maximum at around 440 nm and a X minimum at 385 (Schenkman et a l ,  1981).
1.2.4 Catalytic cycle of CYP450
The overall equation of reactions catalysed by CYP450, also known as monooxygenation 
because only one of the two oxygen atoms in molecular oxygen is incorporated into the 
substrate, is as follows:
NADPH + +O2  + SH=^ NADP+ + H^O + SOH
where SH is the substrate, which may be a steroid, fatty acid, drug or other chemical 
which has an alkane, alkene, aromatic ring or heterocyclic ring substituent that will act as 
a site for oxygenation (Gibson and Skett, 1994). A more detailed reaction cycle is shown 
in figure 1.2, although some of the steps are still to be hilly detailed (reviewed by 
Ruckpaul e/a/., 1989; Porter and Coon, 1991).
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Figure. 1.2 Catalytic cycle of CYP450. RH represents the substrate and ROH the 
corresponding hydroxylated metabolite (Porter and Coon, 1991).
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Figure. 1.3 Haem iron coordination in CYP450. (a) Hexa-coordinated, low spin P450 
with in-plane iron, (b) Penta-coordinated, high spin P450 with out-of- 
plane iron (Gibson and Skett, 1994).
In the absence of a substrate the haem iron can exist in two forms, a) the hexa-coordinated 
low spin state, absorbing at 420 nm with the haem attached and in plane with the pyrrole 
ring, b) the penta-coordinated high spin state, absorbing at 390 nm, with the haem not 
attached and out of plane with the pyrrole ring (Figure 1.3). When the substrate binds to 
the cytochrome a perturbation of these electrons causes the iron to change from either the 
low-spin state to the high-spin state (type I binding e.g. caffeine, usually lipophilic), or the 
high-spin state to the low-spin state (type II binding e.g. nicotine, usually nitrogenous) 
(Gibson and Tamburini, 1984).
The high-spin state has a more positive reduction potential (Em -250 mV) compared with 
the low-spin state (Em -400 mV). Type I binding changes the mid-point redox potential 
to a more positive value and hence accelerates the rate of reduction of the CYP450 by 
electrons donated from NADPH (Em -340 mV). Type II binding causes the mid-point 
redox potential to change to a more negative value, which causes the complex to be 
harder thermodynamically to reduce; this is reflected in the relative catalytic activities of 
the two types of substrates, with the turnover number of type II substrates being less than 
type I substrates (Gibson and Tamburini, 1984).
1.2.5 Electron donors of the MFO system
CYP450 catalysed reactions require two electrons to carry out the metabolism of a 
substrate, although due to its single haem iron it can only accept one electron at a time. 
Pyridine nucleotides, such as NADPH are two electron donors, therefore another protein 
is required to accept two electrons from the donor and only pass on one electron to 
CYP450 at a time. There are a number of proteins that can accomplish this, one of which 
is CYP450-reductase which is embedded in the endoplasmic reticulum and contains both 
flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) as prosthetic groups. 
FAD is the acceptor of electrons and FMN is the donor of electrons to the CYP450 
(Nebert et al., 1989). The second electron may also be obtained via cytochrome P450- 
reductase, but in some cases the second electron in the reaction is donated by cytochrome 
bg, a small haem protein, which itself is either reduced by NADPH-cytochrome P450
reductase or another microsomal-bound flavoprotein, NADH-cytochrome bj reductase. 
The reason why some reactions use this alternative source of electrons is not understood 
(Okita and Masters, 1992) (Figure 1.4).
CYP450-S
NADPH=J^CYP450 reductase [FADz^FMN]
CYP450
NADH-+Cytochrome b5 [FAD] =^b5
SOH
P450-S
Desaturase
Figure 1.4 The endoplasmic reticulum electron transport pathway. The first electron 
must be donated by the NADPH-CYP450 reductase, but the second 
electron may be donated by the CYP450 reductase or with certain 
CYP450S by cytochrome bg. S=substrate. (Taken from Okita and 
Masters, 1992)
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In mitochondria another electron donor/acceptor is used. The protein is NADPH- 
adrenodoxin reductase and contains only FAD. This reductase is only weakly associated 
with the membrane and cannot transfer either the first or second electron to the haem iron 
of CYP450. A protein named adrenodoxin serves as the intermediate and contains two 
iron-sulphur clusters which act as redox centres, passing the electrons from the reductase 
to CYP450. This mechanism is similar to the bacterial electron transport system which 
uses putidaredoxin reductase to accept two electrons and then passes one electron at a 
time to putidaredoxin, accepting one electron from NADH rather than NADPH (Nebert 
e ta l, 1989).
L3 REGULATION OF rVP450
The mechanisms of regulation of CYP450s by both endogenous and exogenous 
compounds is known to be diverse. All stages of gene expression are capable of being 
targeted for regulatory control, i.e. transcription, mRNA processing and stabilisation, 
translation and enzyme stabilisation (reviewed by Okey, 1990; Porter and Coon, 1991).
Transcriptional control seems to be the most common form of regulation, but it is not 
possible to predict the mode of induction based on the inducing compound, e.g. ethanol 
induces two subfamilies of P450, one at the transcriptional level and the other post- 
transcriptionally (stabilization of the mRNA) (Song et a l, 1989). Control of transcription 
of a gene takes place by transcription factors which bind to DNA sequences in the 5' 
flanking region of the gene. These transcription factors are contained within four families 
of DNA binding proteins which are characterised by the presence of various sequence 
motifs including zinc fingers, leucine zippers and homeodomains (Mitchell and Tjian,
1989).
CZP4A1 transcription has been shown to be induced when there is an interaction of an 
activating compound, such as the peroxisome proliferator, clofibrate (Hardwick et al, 
1987), with a cytosolic receptor known as the peroxisome proliferator activated receptor 
(PPAR). This receptor is involved in binding to the upstream regulatory regions of
11
CZP4A1 genes, which initiates transcription (Isserman and Green, 1990).
mRNA processing is the efficiency of removing introns from the pre-mRNA and the 
splicing of the exons, an example of which is thought to occur in the case of CfPl A2 
(Silver and Krauter, 1990). mRNA stabilisation occurs with rat CYP3A1 when exposed 
to triacetyloleandomycin and with the CYP2E1 in the diabetic or fasting state (Paine, 
1991).
Post-translational control has also been described for CYP450s, the most important being 
the availability of the haem prosthetic group, the synthesis of which is controlled by a 
separate mechanism to the apoprotein. Therefore both contribute to the steady state 
levels of CYP450 (Gibson and Skett, 1994). Others include substrate-induced enzyme 
stabilisation of CYP2E1 apoprotein by ethanol, acetone or pyrazole (Song et a l, 1989).
The role of phosphorylation by cAMP-dependent protein kinases in the regulation of 
CYP450 activity is less clear but appears to lead to inactivation of several forms of 
CYP450 including CYP2B1 and CYP2E1 (Goldfarb, 1990).
l A  THE MAMMALIAN FORMS OF CYP450 GENES OF RELEVANCE TO 
THIS THESIS
1.4.1 Vertebrate CYPl A family and the Ah receptor
The CYPl A subfamily, in particular CYPlAl, is of central importance in phase I 
metabolism and represents the first step of metabolism for many organic xenobiotics, 
including polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls 
(PCBs). The endogenous substrate of this enzyme has not as yet been discovered 
(Gonzalez, 1989).
Induction of this enzyme has been shown with a number of planar organic xenobiotics, 
such as tetrachlorodibenzodioxin (TCDD), as well as PAHs such as 3-methylcholanthrene.
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The mechanism by which these substrates produce their effect is known to be via a 
cytosolic protein called the aromatic hydrocarbon receptor {Ah receptor), which is 
associated with a 90kDa heat shock protein (HSP90) and a nuclear translocation factor 
(HofiBnan et al., 1991). Together these proteins are capable of interacting with xenobiotic 
regulatory elements (XRE) located upstream of the C7P lAl gene which has the effect 
of initiating transcription. The gene and cDNA encoding the Ah receptor nuclear 
translocator (Arnt) have been cloned, which is a factor required for the ligand-binding 
subunit to translocate from the cytosol to the nucleus after binding to the ligand (Hoffman 
e ta l, 1991) (Figure 1.5).
The Ah receptor has recently been shown to belong to a new class of nuclear receptors, 
distinct from the steroid and thyroid hormone receptor superfamily (Henry et a l, 1989) 
and has been detected in many species including rainbow trout {Oncorhynchus mykiss) 
(Lorenzen and Okey, 1990). The natural endogenous ligand to this receptor is as yet 
unknown, but study into the phylogenetic distribution of the Ah receptor may help to 
identify it. A repressor protein, which associates with the Ah receptor inhibiting its 
binding to the XRE, has been identified by Watson et a l  (1992).
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Figure 1.5 Diagrammatic representation of the role of the Ah receptor complex in the
induction of CYP\A\ by organic xenobiotics. XRE = xenobiotic response 
element, HSP90 = heat shock protein, ARNT = aromatic hydrocarbon 
receptor nuclear translocator.
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CYPl Al can convert certain xenobiotics to metabolites more toxic, mutagenic or 
carcinogenic than the parent compound. Included in these compounds are widespread 
pollutants such as the families of dioxins, (a common name for both TCDD and the family 
of polychlorinated dibenzo-p-dioxin (PCDD)), the polychlorinated dibenzofurans 
(PCDFs), PAHs and certain PCBs. Only planar congeners of these compounds have been 
found to be metabolized. Examples of toxicity include the teratogenicity of TCDD 
(Landers and Bunce, 1991) and the mutagenicity / carcinogenicity of the PAH 
benzo[a]pyrene (B[a]P) (Gelboin, 1980).
TheÆ  receptor complex has also been shown in mammals to regulate the expression of 
certain other biotransformation/detoxification enzymes, e.g. UDP glucuronosyl 
transferases, aldehyde dehydrogenase and glutathione transferases, which have also been 
shown to have increased activity after exposure to dioxins and PAHs (Nebert and 
Gonzalez, 1987).
1.4.2 Vertebrate CYP2 family
This family of CYP450s is the largest so far, consisting of a least 10 subfamilies. 
Originally named the phénobarbital- (PB) inducible family, it now appears as though PB- 
inducibility resides in the CYP2B and CYP2C subfamilies only (Nebert and Gonzalez, 
1987). The effects of the PB induction not only causes enzyme induction but also 
proliferation of the smooth endoplasmic reticulum, liver weight gain (Conney, 1967), liver 
tumour proliferation (Schulte-Hermann, 1974) and stabilization of liver microsomal 
protein (Omura, 1979) and are therefore pleiotropic.
CYP2A1 is highly specific for testosterone 7a-hydroxylase activity (Waxman et al, 
1983), whereas CYP2A2 has testosterone 15oc-hydroxylase activity. CYP2A1 is 
expressed in both female and male rats but is suppressed in the males at the onset of 
puberty, whereas CYP2A2 is never expressed in females (Gonzalez, 1989). CYP2A1 but 
not CYP2A2, is induced by PAH's. CYP2A3 has been isolated and has been shown to be 
only expressed in the lung (Gonzalez, 1989). It is thought that, due to varied tissue
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expression, the CYP2A family has evolved differently in humans and rats, but still show 
71-80% similarity of amino acid sequence (Mannering and Deloria, 1986).
CYP2B family consists of three genes, namely CFP2B1, CFP2B2 and CZP2B3, all of 
which are differentially regulated. CYP2B1 is absent in the rodent liver until PB 
treatment. CYP2B2 is constitutively expressed in liver and is PB-inducible (Whitlock, 
1986), whereas CYP2B3 is constitutively expressed and not inducible by PB. CFP2B1 
and CFP2B2 are also induced by several PB like inducers, e.g. isosafrole, organochlorine 
pesticides and carcinogens such as acetylaminofluorene (Thomas et al., 1981). The 
receptor or the mechanism of transcriptional activation of CTP2B1 and CTP2B2 by PB 
is thought to be associated with a 17bp 'Barbie box', since this sequence is present in the 
5'fianking region of all barbiturate inducible CFP450 genes. A positive regulatory protein 
in rat liver nuclear extracts has been found to complex with the barbie box after binding 
with barbiturates, which subsequently induces the transcription of the CFP2B gene (He 
and Fulco, 1991).
CYP2C is a subfamily of at least 12 forms constitutively expressed in rats and rabbits. 
They are sex-specific and a few are induced by PB (Gonzalez, 1989). They are involved 
in the hydroxylation of substrates such as progesterone and testosterone. The CYP2C 
family diverged long after rodents and rabbits diverged (Gonzalez, 1989), so lower 
organisms such as invertebrates are unlikely to have the diverse range, if any, of these 
isozymes. Involvement of a steroid receptor in the CYP2C6 induction by PB has been 
indicated by the prevention of induction by the antiprogestin antiglucocorticoid compound 
RU486 (Shaw et al, 1993).
CYP2D has debrisoquine-4-hydroxylase activity, an intensively studied polymorphism in 
humans (Gibson and Skett, 1994). This polymorphism is associated with extensive 
metabolisers and poor metabolisers of debrisoquine, an antihypertensive drug. The 
extensive metabolisers have an increased risk of cancer (Hardwick et a l, 1983), but the 
poor metabolisers have the drug circulating for longer, which is associated with toxic 
effects (Gonzalez et al, 1988). The CYP2D6 gene is therefore of major importance in
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drug-mediated toxicity.
CFP2E, isolated from rabbits, rats and humans, has been shown to metabolise ethanol, 
ketone bodies and demethylnitrosamin and can be induced by ethanol, imidazole, acetone, 
trichloroethylene and pyrazole, possibly by stabilization of the apoprotein. The mRNA 
levels can be induced by starvation or drug-induced diabetes (Tu and Yang, 1983). 
CFP2E1 may be involved in the pathway of gluconeogenesis during the fasting state.
1.4.3 Vertebrate CYP3 family
The CYP3 family consists of at least 7 genes within a single subfamily. The CYP3A 
family can be induced by four classes of xenobiotics, including glucocorticoids such as the 
synthetic therapeutic glucocorticoid dexamethasone (DEX), antiglucocorticoids such as 
pregnenolone 16a-carbonitrile (PCN) (Gonzalez, 1989), macrolide antibiotics such as 
triacetyloleandomycin (Watkins et al, 1985) as well as PB (reviewed by Waxman and 
Azaroff, 1992).
Endogenous metabolising abilities include ethylmorphine N-demethylase (EMND), 
erythromycin déméthylation and testosterone 2P, 6p, 15a and 15p-hydroxylations. 
Certain drugs are also metabolised by the CYP3A family including cortisol, nifedipine, 
cyclosporin and erythromycin (see Gonzalez, 1989 for references).
1.4.4 Vertebrate CYP4 family
In 1993 there were 22 gene members of the CYP4 family (Nelson et al., 1993), mostly 
found in mammalian and vertebrate species. Recently a gene belonging to the CYP4 
family has been identified in the cockroach {Blaherus discoidalis) and named CYP4C1 
(Bradfield e ta l, 1991).
The CYP4A family are a group of proteins which hydroxylate the terminal o) and w-1 
carbon of saturated and unsaturated fatty acids (Sharma et al, 1989). This reaction is
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important in the metabolism of arachidonic acid, prostaglandins and leukotrienes. The 
hydroxylated fatty acids are further oxidised to dicarboxylic acids by alcohol 
dehydrogenase and aldehyde dehydrogenase and shortened by P-oxidation and excreted 
as Cg-Cio dicarboxylic acids (Gibson and Skett, 1994).
CYP4A1, CYP4A2 and CYP4A3 are coordinately regulated in the liver and induced 
transcriptionally by hypolipideamic drugs such as clofibrate, starvation and drug-induced 
diabetes (Kimura et al., 1989a,b). Hypolipideamic drugs, phthalate esters and 
halogenated hydrocarbon solvents, as well as inducing CYP4A1 cause the proliferation 
of peroxisomes, the site of P-oxidation in rats and mice (Gibson et a l, 1982). The acyl- 
CoA oxidase gene, which is the rate limiting enzyme in the P-oxidation of fatty acids, is 
also induced by peroxisome proliferators and is often used as a marker for peroxisome 
proliferator-mediated gene activation. Peroxisome proliferators cause hepatomegaly as 
a result of both liver hyperplasia and an increase in peroxisomal volume (Reddy et al, 
1983).
In 1991, Isserman and Green discovered a putative receptor sequence in the 5'flanking 
region of the mouse CFP4A1 gene, which was named PPAR (peroxisome proliferator 
activated receptor). It was found to be a novel member of the steroid hormone receptor 
superfamily having 64% amino acid sequence similarity to the steroid receptor herb-A. 
This PPAR has now been identified in human (Sher et a l, 1993).
1.4.5 Vertebrate CYPll family
CYPl 1 is a nuclear encoded gene but the enzyme is transported to the mitochondria and 
is involved in steroidogenesis (Nebert and Gonzalez, 1987). CYPll converts cholesterol 
to pregnenolone, a committed step in cholesterol metabolism and is therefore sometimes 
called s e e  (side chain cleavage). Pregnenolone is transported into the cytoplasm where 
it is oxidized to progesterone (for review see Nebert and Gonzalez, 1987).
The CFPllA gene has been shown to be transcriptionally activated in cultured
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adrenocortical cells by adrenocorticotropin (ACTH) binding to the cell-surface, which 
results in increased levels of cyclic AMP (cAMP) (John et al., 1986). The involvement 
of a hypothetical protein known as steroid hydroxylase inducing protein (SHIP) has also 
been suggested, but as yet not proved (Waterman and Simpson, 1985).
CYPl 1 is expressed during oogenesis in Oncorhynchus mykiss (O. mykiss). The cDNA 
has been cloned and contains an open reading frame of 1,542 nucleotides encoding a 
protein of 514 amino acids. Similarity to the human gene is 48% and 46% to rat, bovine 
and pig (Takahashi et al., 1993).
L5 CYP450S IN AOTJATTC ORGANISMS
Studies have taken place which investigate the presence of many potentially toxic 
chemicals in both terrestrial and aquatic organisms. For example, xenobiotics such as 
PCBs have been found in fish, porpoise, dolphin and whales (Tanabe et al, 1989). 
Investigations into the effect that these compounds have on the organisms have 
concentrated on the CYP450 system, which as previously discussed, can metabolise many 
of these compounds. This system has been shown to be present in most forms of marine 
life, e.g. cetaceans, birds, reptiles, amphibia, fish and invertebrates (Jewell e ta l, 1989; 
Walker and Ronis, 1989; Boone/a/., 1992; Forcardi e/a/., 1992;Goks(|)yr e/a/., 1992; 
Norstrom et al, 1992). It has been postulated by Stegeman and Hahn (1994) that aquatic 
species may actually contain a greater number of CYP450 forms that terrestrial animals 
due to the former being exposed to a greater number of natural compounds.
1.5.1 CYP450 in Reptiles
Very little is known about the CYP450 system in reptiles, such as alligators. CYP450 
content of the American alligator {Alligator mississippiensis) and in the garter snake 
{Thamnophis sp.) was found to be 0.30 and 0.38 nmol/mg microsomal protein 
respectively, these values being approximately four times less than in mammals (Walker 
and Ronis, 1989). Jewell et al. (1989) reported the concomitant induction by 3-
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methylcholanthrene (3-MC) of CYP450 specific content, ethoxyresorufin-O-deethylase 
(EROD) and B[a]P hydroxylase activities. B[a]P metabolism was investigated initially by 
Jewell et al. (1989) who reported the presence of B[a]P hydroxylase in A. 
mississippiensis liver, subsequently Kirchin etal. (1991) revealed using HPLC that there 
was an increase in B[a]P metabolism following pretreatment with 3-MC. Finally, Kirchin 
and Winston (1992) discovered that in the liver of A. mississippiensis, following 
pretreatment with 3-MC, Western blot analysis revealed a 50kDa band which cross­
reacted with a polyclonal antibody to rabbit P450 LM4 and a monoclonal antibody to scup 
(Stenotomus chrysops) P450E thought to be orthologous to both CYPlAl and CYP1A2. 
The results indicate that an hepatic CYPIA orthologue is present in the liver of A. 
mississippiensis. A personal communication to Stegeman and Hahn (1994) reported that 
the Ah receptor was not present in A. mississippiensis.
1.5.2 CYP450 in Fish
Study of the CYP450 enzyme system in many different species of fish has been made in 
vitro and in vivo. The study of fish was deemed important as they occupy many different 
aquatic habitats, are commercially important and are becoming increasingly threatened by 
pollution. In some instances fish which live in highly polluted areas have been shown to 
be highly susceptible to organic contaminants, forming gross pathological lesions and 
neoplasms, even at a very early age (Wirgin e ta l, 1991).
Studies have revealed that induction of C7P450 does not take place after treatment with 
PB (Vodicnik e/a/., 1981; Goks(|)yr et al., 1987; Payne, 1987; Stegeman and Kloepper- 
Sams, 1987; Elskus and Stegeman, 1989; Stegeman and Hahn, 1994). This lack of PB- 
type induction may be due to a number of factors, including the absence of the CYP2 
family, limited uptake of PB, extended time-course of induction, or presence of a different 
inducer mechanism than in mammals which does not respond to PB (Goks(|)yr et al, 
1987; Stegeman and Kloepper-Sams, 1987; Elskus and Stegeman, 1989; Stegeman et a l,
1990). However, a number of CYP450 proteins have been purified from fish, which have 
been placed in the CYP2 family, e.g. P450LM(C)2 from O. mykiss is thought to be a
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member of the CYP2M subfamily (Oleksiak et al., 1995) and CYP2B from S. chrysops 
(Klotz et al., 1983; Stegeman et al., 1990). Buhler et al. (1993) have sequenced a full 
length cDNA which has been assigned as being C7P2K1 from O. mykiss. Stegeman and 
Hahn (1994) postulated that fish have had no evolutionary pressure for the CYP2 family 
to retain responsiveness to PB type inducers due to the lack of terrestrial plants in their 
diet.
Induction of the CFPIA subfamily has been shown to occur with exposure to xenobiotics 
such as PAH-type compounds, including B[a]P (Stegeman and Kloepper-Sams, 1987), 
PCBs (Gooch et al., 1989) and dioxins, (Cooper et al., 1990) by increases in protein, 
enzyme activity (such as EROD and AHH (aromatic hydrocarbon hydroxylase)), mRNA 
and translatable mRNA levels (Stegeman and Kloepper-Sams, 1987; Kloepper-Sams and 
Stegeman, 1989; Haasch etal., 1993; Van de Weiden et a l, 1993). Using a single dose 
of a xenobiotic, the mRNA rise in the species examined takes place between 6 and 24 
hours post-injection and usually returns to base level by 48 hours. The protein rise has 
a lag-time of about 12 hours, compared to the mRNA rise, which is greater than in 
mammalian systems (Haasch et al, 1988; 1989; Kloepper-Sams and Stegeman, 1989). 
These times are, however, different to those observed after treatment O. mykiss with P- 
naphthoflavone by Celander et al. (1993) where maximum expression of CYPIA mRNA 
was at 72 hours and CYPIA protein levels were still increasing after 168 hours. The time 
differences between mammalian systems and fish for the mRNA and protein rises are 
thought to be due to the slower metabolism and elimination of the inducer, which could 
continue to stimulate the production of mRNA.
The CFPl A induction response in fish has been shown to be modulated by external and 
internal factors, including reproductive stage, sex, species, age and water-temperature 
(Spigarelli etal, 1983; Williams et a l, 1986; Goks(|)yr et a l, 1987; George et a l, 1990; 
Elskus et a l, 1992; Goks([)yr and Hus(|)y, 1992; Stegeman and Hahn, 1994; Goks(|)yr, 
1995). The regulation of the CYP450 enzyme system in fish has been reviewed by 
Andersson and Forlin (1992) and Goks(j)yr (1995).
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In addition to PB, other xenobiotics studied have not had an obvious inducing effect on 
the CYP450 system. Some PCB congeners, such as 3,3',4,4'-tetrachlorobiphenyl or 
environmental sediment such as that found in the Rotterdam harbour, have been shown 
to inhibit catalytic activity of the induced CYPlAl by acting as a competitive inhibitor of 
EROD activity (Gooche/a/., 1989; Boong/a/., 1992; Eggense/a/., 1994). Incases 
where fish have been exposed to PCB mixtures, including congeners that are inhibitory, 
analysis of catalytic activity alone might show a very weak or no response. However, the 
induction response may still be seen by increase in CYPIA protein and mRNA (Gokscj)yr 
and Hus(|)y, 1992).
Heavy metals such as cadmium have been shown to lower P450 activities (Forlin et a/.,
1986), as well as the catalytic activity of the CYPlAl protein (George, 1989). The 
mechanism of this effect by the heavy metals is as yet unknown. Tributyltin (TBT) has 
also been investigated due to the effect that this compound has on levels of CYPIA 
mRNA and EROD activities in vivo. It was concluded that the strong action of TBT on 
hepatic CYPIA catalytic activity indicated that exposure to this environmental pollutant 
may result in a reduced induction response to other pollutants such as PAHs, PCBs, 
dioxins, and dibenzofurans. This information must be taken into account when the use of 
CYPIA enzyme activity is to be used as a biomarker (Fent and Stegeman, 1993).
Isolation of a protein orthologous to the mammalian CYPIA has been achieved from S. 
chrysops, cod {Gadus morhud) and O. mykiss. These proteins were originally given the 
names, O. mykiss P450 (Williams and Buhler, 1984), S. chrysops P450E (Klotz, 
1983), G. morhua P450c (Goks(|)yr, 1985) and perch {Perea fluviatilis) P450V (Zhang,
1991), all of which have AHH and EROD activities and are also inhibited by a- 
naphthoflavone (a-NF), a known inhibitor of mammalian CYPlAl. These proteins have 
also all been shown to be inducible by the xenobiotics P-naphthoflavone (P-NF), PAHs 
and PCBs. It has been recommended by Stegeman (1992) that the fish enzyme 
orthologues to mammalian CYPl family be given the more general term CYPIA not 
CYPlAl or CYP1A2 unless sequence analysis has confirmed the identity of CYPlAl.
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Evidence that these CYP450 forms are orthologous to mammalian CYPlAl is partly 
provided by immunological studies (Williams and Buhler, 1984; Stegeman, 1989; 
Goks(|)yr et ah, 1991). There are a number of polyclonal antibodies which have been 
made against the purified CYPIA proteins from fish; two monoclonal antibodies are also 
now available, namely MAb 1-12-3 against S. chrysops CY?\K  (Park e ta l, 1986) and 
NP-7 against G. morhua CYPIA (Hus(j)y et al., 1994). Both have been shown to cross 
react with other fish species and the MAb 1-12-3 has been shown to cross-react with the 
CYPlAl protein in humans, rodents, marine mammals, reptiles and amphibians (Stegeman 
and Hahn, 1994).
More definitive evidence for CFPl A status has been provided by gene sequencing of the 
P450LM4b cDNA which showed there to be a 57-59% sequence similarity to mammalian 
CFP lAl and 51-53% similarity to mammalian CFP1A2, revealing that there is in fact a 
fish representative of the CFPIA family (Heilmann et al., 1988). The cDNA 
corresponding to this protein was named pfPi450-3' and is a 1430 bp clone. This cDNA 
clone of O. mykiss CFP lAl has been shown to hybridise with genomic DNA and mRNAs 
induced by PAHs fi'om various species including S. chrysops, catfish {Ictalurus 
punctatus), killifish (F. heteroclitus), garter snake {Thamnophis) and rat (Haasch, et al., 
1989; Stegeman and Lech, 1991). A cDNA isolated from plaice {Pleuronectes platessd) 
has been reported by Pirrit et al., (1995), which has 80%, 60% and 53% similar to O. 
mykiss, mouse CYP\A\ and mouse CLP 1A2 respectively. Two new CZPIA sequences 
fi*om toadfish {Opsanis Tau) and S. chrysops have recently been isolated (Morrison et al., 
1995).
Evidence for a second member of the CYPIA family in juvenile plaice {Pleuronectes 
platessa) is provided by Leaver et al. (1988) in that isosafrole seems to differ in potency 
from 3-MC in inducing AHH, EROD and ECOD activity. It was also found that the 
cDNA probe (pfPi450-3'; Heilmann et al., 1988) hybridised to two mRNA bands in 10 
% of the Atlantic tomcod {Microgadus tomcod) population in Hudson Bay, although in 
this case it is possible that this represents a polymorphism in the CFPl A gene (Kreamer 
et al., 1991; Wirgin et al., \99\). In a different set of experiments Pesonen et al. (1992)
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also showed two CYPl A-hybridisable mRNA bands from O. mykiss primary hepatocytes 
treated with pNF and TCDD, although this was also speculated as being a product of 
alternative splicing from a single primary transcript or again a polymorphism.
The best evidence for there being two CYPIA isozymes in fish was revealed very recently 
by Bemdtson and Chen (1994) who have reported the isolation and complete nucleotide 
sequence of two distinct CFPl A genes in the O. mykiss (96% similar with 42bp difference 
in length). These both contained 7 exons, of which 1,2,5,and 6 were significantly less 
conserved. Two xenobiotic response element consensus sequences (CACGC) were 
identified in the 5'flanking region of only one of the CFPIA genes (termed CYPlAl). 
The RNase protection assay confirmed that the transcripts of both genes were expressed 
in the liver of O. mykiss in response to 3-MC treatment. Both amino acid sequences for 
the O. mykiss genes demonstrated greater identity to mammalian CYPlAl peptide 
sequences, (rat 59%, rabbit 57%, human 56-57%) than to mammalian CYP1A2 peptide 
sequences. It is unlikely that this is a polymorphism at the CFPl Al locus, as salmonoid 
species, such as O. mykiss, are tetraploid. It was concluded however, that O. mykiss 
CYPXM is not the orthologue to the mammalian CYPXAl gene. It is possible that the 0. 
mykiss CFPl Al may have undergone its own gene duplication event less than 250 million 
years ago and probably quite recently, i.e. 5-10 million years ago.
The first indication that the Ah receptor may be present in fish was reported when 
induction experiments revealed increased CYPIA mRNA expression using Northern blots 
produced with RNA fi-om fish treated with P-NF. This induction response to the organic 
xenobiotics showed similarity to the induction response exhibited by mammalian cells 
when exposed to these chemicals which is mediated by the Ah receptor (Haasch et al, 
1988; 1989; Kloepper-Sams and Stegeman, 1989). The Ah receptor was identified in a 
fish liver hepatoma cell line, derived from an hepatocellular carcinoma of Poeciliopsis 
lucida (Hightower et a l, 1988) and was detected by a photoaffinity ligand 2-azido-3- 
[^^^I]iodo-7,8-dibromodibenzo-/?-dioxin, which binds to the Ah protein in the cytosol of 
winter flounder (Pleuronectes americanus), F. heteroclitus, S. chrysops, O. mykiss, 
brown trout (Salmo truttd) and dogfish {Mustelus canis and Squalus acanthias) (Hahn
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e /a/., 1993; 1994).
Certain of the phase II enzymes, such as glutathione S-transferase (GST), which are 
thought to be regulated by the Ah gene battery in mammals, do not seem to be regulated 
in the same way as fish.
CYP4A1 has as yet to be identified in fish. Cross reactivity with rat CYPIA antibody has 
produced equivocal results and there has been no cross-hybridisation with CYPIA in P. 
platessa (Dr. S. George, personal communication). Laurie acid has been shown to be 
metabolised in O. mykiss (Williams et al., 1984), although the co hydroxylation is now 
thought to be a property of the CYP2K1 enzyme and the w-1 hydroxylation due to 
CYP2M1 (Buhler et al., 1993; Oleksiak and Stegeman 1995).
1.5.3 CYP450 in Invertebrates
The microsomal CYP450 systems, including the rates and tissue distribution of xenobiotic 
metabolism in marine invertebrates, have been reviewed in detail (James, 1989; 
Livingstone e/a/., 1989a, 1990b; Livingstone, 1990, 1991b).
Invertebrate CYP450 metabolism has been shown to involve both endogenous and 
exogenous substrates. The metabolism of PAHs measured in vitro is usually lower than 
for fish by 1 or 2 orders of magnitude, but may be increased by exposure of the organism 
to hydrocarbons, indicative of the presence of an inducible CYP450 (Livingstone, 1991b; 
Stegeman and Lech, 1991). Qualitative metabolic differences are also seen between 
vertebrate and invertebrate microsomal CYP450, e.g. digestive gland microsomes of the 
common mussel (Mytilus edulis) forms mainly quinone metabolites of B[a]P, whereas fish 
hepatic microsomes form mainly diols and phenols (Stegeman, 1985, 1989).
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A complete invertebrate cDNA sequence for a C7P450 has been obtained from the
housefly domestica and has been assigned to a unique gene family, CYP6 (Nebert
et ah, 1989). CYP450 was reported in the digestive gland of the pond snail {Lymnaea
stagnalis) in 1991 by Wilbrink et al. The CYP450 did not metabolise ethoxyresorufin
(substrate for vertebrate CYPlAl) but was able to metabolize pentoxyresorufin (substrate
for mammalian CYP2B1). The enzyme activity was dependant on NADPH, required
oxygen and could not be induced by PB or 3MC. Teunissen et al, (1992) sequenced and
characterized a unique CFP450 from the dorsal body of Lymnaea stagnalis which was
classified as CFPIO (Nelson g/ al, 1993). This CFP450 is thought to be involved in
hormone synthesis, because it is uniquely expressed in the dorsal bodies and shows highest
similarity to the mammalian mitochondrial CYP450s. Northern blot analysis revealed that
the length of the CYPIO mRNA was of approximately 2,100 bp. A CYP450 was also 
cloned from the cockroach & discoidalis and was assigned the name CYP2C1 (Bradfield 
etal, 1991) and CYP2D was cloned from the ïuxiXûy Drosophila melanogaster (Frolor 
e ta l, 1994). ~
Investigation into the modulation of the CYP450 system in marine invertebrates has 
obtained variable results, but generally it is indicated to be less inducible than the 
vertebrate or insect CYP450 systems. Variable or no correlation has been observed 
between changes in total CYP450 content and measured enzyme activities such as B[a]P 
hydroxylase and ECOD (Livingstone and Stegeman, 1989; Livingstone et al, 1990b). 
The lack of change of CYP450 activity in marine invertebrates may be partly due to the 
system being responsive to different inducer than for vertebrate CYP450s. The most 
consistent induction results for molluscs have been obtained for PAHs and PCBs 
(Livingstone, 1991b; Michel et a l, 1993a). It has also been postulated that molluscan 
CYP450 may be responsive to small rather than large PAHs or that the inductive 
substances may be the natural xenobiotics, such as polybromomethanes or alkyl halides 
(Livingstone, 1991b). Another possible factor which may contribute to the lack of 
detectable increases in MFO activities in molluscs is that one-electron oxidation (see 
section 1.6.4) is more prominent than in vertebrates, leading to metabolites binding 
covalently to macromolecules rather than being released free (Livingstone et al., 1990b).
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1.5.3.1 Porifera and Cnidaria
Both sponges (Porifera) and Cnidarians, such as sea anemone and jellyfish, bioaccumulate 
PAHs and other pollutants (Livingstone, 1991b). Nothing is known of the presence of 
CYP450 in sponges but multiple forms have recently been indicated in sea anemones by 
Western blot analysis using antibodies to several vertebrate CYP450s (Livingstone, 1994). 
CYP450, B[a]P hydroxylase activity, epoxide hydrolase, UDP-glucuronyl transferase and 
glutathione S-transferase have been shown to be present in the coral Favia fragum 
(Gassman and Kennedy, 1992). Three species of sea anenomes, Aptasia pallida, 
Anthapleura elagantissima and Bunodosma cavernata have enzymes or epitopes similar 
to CYPIA fi-om Stenotomus versicolor as analysed by Western blot (Livingstone, 1994)
1.5.3.2 Polychaeta (Annelida)
Within the phyla annelida, uptake of xenobiotics has been recorded in a number of species 
of polychaetes and shown to be dose-dependent when bioaccumulated from the sediment 
or water-column (Livingstone, 1991b). The CYP450 system has been studied in only a 
small number of polychaete species, One of these is the ragworm {Nereis virens), which 
contained an MFO system consisting of NADPH-cytochrome reductase, CYP450, 
cytochrome bg and phospholipid. A CO-difference spectra, with a X maximum at 449 - 
450 nm was recorded. The B[a]P hydroxylase activity was localised to the microsomal 
fraction of the intestines and required NADPH and molecular oxygen. The major 
metabolites of B[a]P were 3-hydroxy B[a]P and the proximate carcinogen 7,8-dihydrodiol 
B[a]P, which also indicates the presence of epoxide hydratase. The production of these 
metabolites was inhibited by CO and SKF525A, the classical inhibitors of the mammalian 
CYP450 system. Induction studies using B[a]P showed an increase in total P450 but no 
increase in B[a]P hydroxylase activity in response to pollutants (Fries and Lee, 1984).
1.5.3.3 Mollusca
CYP450 and other components of the MFO system have been identified in a number of
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species of mollusc (Table 1.1) and multiple forms of CYP450 are indicated (Livingstone
1990). CYP450 and other biotransformation enzymes are localized predominantly in the 
digestive gland (Livingstone and Farrar 1984). Investigations into the presence and 
inducibility of the CYP450 system in different classes of molluscs have revealed the 
following:
A. Chitons.
a) Western blot analysis using polyclonal antibodies to O.mykiss CYP 1A have indicated a similar enzyme or 
epitope in digestive gland microsomes of Cryptochiton stelleri (Schlenk and Buhler, 1989a).
b) Putative induction of CYP450 in C. stelleri has been recorded, analysed by Western 
blotting using polyclonal antibodies against O. mykiss, after exposure to p- 
naphthoflavone. It is also postulated that there are multiple forms of CYP450 including 
a putative CYPIA like enzyme in the digestive gland of C stelleri, one of which was 
induced by P-NF, the other inhibited by P-NF exposure (Schlenk and Buhler, 1988; 
1989a).
B. Gastropods.
a) NADPH-cytochrome c (P450) reductase activity increased in the oyster drill Thais 
haemastoma when the animals were exposed to a water-soluble fraction of Louisiana 
crude-oil (Livingstone e ta l, 1986).
b) CYP450, cytochrome content and NADPH-cytochrome c (P450) reductase activity 
increased in the periwinkle {Littorina littorea) when exposed to diesel oil (Livingstone et 
al. 1985; Livingstone 1988).
c) Increased CYP450 content has been recorded in response to pollution by an oil spill in 
the digestive glands of Patella caerulea and Avicularia gihbosula, although the EROD 
catalytic activity decreased (Yawetz et ah, 1992).
C. Bivalves.
a) EROD activities have been recorded in the digestive glands of the bivalves Donax 
tnmcnlus and Brachidontes variabilis (Yawetz et al., 1992) but has not been detected in 
any other species of bivalve (Livingstone, 1991b).
b) ‘418' peak (see 1.6.3) was present in very high levels in the cockle Cardium edule, 
which experienced high mortality and were severely stressed (Moore et al., 1987).
c) for information oiMytilus sp. see section 1.6.3.
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Species. P450
(pmol/mg
prot.)
b5
(pmol/mg
prot.)
Cyt.P450- 
reductase * 
(nmol/min/m 
g prot.)
Reference.
Mytilus
edulis
47-134 26-76 8.1-15.4 Livingstone and Farrar. (1984); 
Stegeman, (1985)
Mytilus
galloprovinci-
alis
3-88 75-160 22 Gilewicz et al., 
(1984); Suteau and 
Narbonne, (1988)
Area zebra 106 76 8.3 Stegeman (1985)
Macrocalista
maculata
79 81 4.0 Stegeman (1985)
Cardium edule 20-85 80-94 5.3-10.6 Moore et a l ,  (1987)
Littorina
littorea
8-54 26-70 7.5-11.2 Livingstone (1987)
Lymnaea
stagnalis
16-44 - - Wilbrink e /a /., (1991)
Cryptochiton
stelleri
110 - 5.5 Schlenk and Buhler, 
(1988)
Table 1.1 Levels of digestive gland microsomal CYP450 and associated MFO 
components and activities in mollusc species (Livingstone, 1991b).
* NADPH-cytochrome c reductase activity.
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1.5.3.4 Crustacea (Arthropoda)
CYP450 has been investigated extensively in a number of Crustacea, including lobster, 
crab and crayfish species. CYP450 and its activities such as B[a]P hydroxylase has been 
found to be at highest levels in the endoplasmic reticulum and, to a much lesser extent in 
the mitochondrial fraction of the hepatopancreas, stomach and green gland (antennal 
gland) of many Crustacea including the crabs, Callinectes sapidus and Carcinus maenus 
As yet there has been no measurable CYP450 reductase activity detected due to 
significant proteolysis in the crustacean (Lee etal, 1981; O’Hara et al, 1982; Lee, 1989). 
The CYP450 content in crustaceans is characterized by a CO-difference spectra X 
maximum of 449-452 nm and show typical type I and type II binding spectra to the 
appropriate substrates of P450. Mammalian inhibitors of CYP450 activity, such as 
SKF525a, CO, inhibited the monooxygenase activity in Crustacea by up to 80% 
(Livingstone, 1991b).
Multiple forms of CYP450 have been partially purified from hepatopancreas microsomes 
of several species of Crustacea, which catalysed NADPH-dependent monooxygenation in 
reconstituted systems (see Livingstone, 1991b for references). These isolated forms 
include a major form of CYP450 isolated from the hepatopancreas of untreated spiny 
lobsters {Panulirus argus), the catalytic activity of which is progesterone 16a- 
hydroxylation as well as B[a]P hydroxylase, 7-ethoxycoumarin 0-deethylase and 
testosterone hydroxylase (James, 1990). EROD has not been detected in any crustacean 
species.
Initial studies on the responses of the CYP450 system in C maenas revealed a general 
increase in B[a]P hydroxylase activity and CYP450 content when exposed to oil, B[a]P 
and PCBs, but no increases were shown for cytochrome content or NADPH 
cytochrome c reductase activity (Lee et al, 1981). Microsomal metabolism of B[a]P to 
polar metabolites is dependent on the presence of NADPH in C. maenas (Lemaire et a l,
1991). Increased MFO activities have been recorded in response to PAHs and PCBs in 
the spiny crab {Maja crispatd) (Batel et a l, 1988).
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1.5.3.5 Echinodermata
Echinoderms are the most closely related invertebrates to vertebrates and have been 
shown to contain CYP450 measured directly by CO difference spectra of reduced samples 
(Livingstone, 1991b). They do not however, show the NADPH-independent MFO 
activities that are present in molluscs, i.e. echinoderms have an absolute requirement for 
reduced co-enzyme for MFO activity (Livingstone, 1991b). Metabolism of B[a]P in 
echinoderms by B[a]P hydroxylase yields diols and phenols, which are not characteristic 
of one-electron oxidation or peroxidase activity which are thought to occur in mollusca 
(Den Besten et al., 1993). A time-course study has been described where Asterias ruhens 
was exposed to B[a]P or to the 3MC-type congener 3,3',4,4',5-pentachlorobiphenyl, from 
which a dose response relationship of the CYP450 monooxygenase system was observed 
in the pyloric caeca (Den Besten et al, 1993). The Ah receptor, involved in the induction 
of CYPIA in mammals, has not been detected in echinoderms (Hahn et al., 1994).
M  ECOLOGY. PHYSIOLOGY AND BIOCHEMISTRY OF MYTTLUS SP
1.6.1 Family Mytilidae
There are 80,000 species of mollusc of which there are five classes: gastropoda, bivalvia, 
cephalopoda, polyplacophera and scaphopoda (Gosling, 1992).
The family Mytilidae, part of the bivalve class, is believed to have its origin as far back as 
the Devonian era, approximately 400 million years ago. A number of different species of 
Mytilus have been identified, includingMytilus califomianus and Mytilus coruscus. Some 
are thought of as being subspecies oi Mytilus edulis including Mytilus aoteanus from New 
Zealand. There is much confusion about the classification within the Mytilus genus, 
usually due to the systematics being based solely on morphological shell characteristics, 
which can be very changeable as a result of environmental factors. New biochemical 
techniques e.g. protein electrophoresis, are proving to be invaluable in quantifying genetic 
differences between species (Gosling, 1992).
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1.6.1.1 Mytilus edulis
Mytilus edulis often called the 'Blue Mussel' is especially well known for its colour 
polymorphism, varying fi-om brown to blue-black, with sometimes a radial colour pattern 
also evident. Growth rings on the shell are produced annually and the shell shape is highly 
variable according to habitat and age (Gosling, 1992).
The habitat of M  edulis is intertidal or subtidal; in the case of an intertidal habitat the 
organism has to switch between aerobic (submerged state) or anaerobic metabolism 
(exposed to the atmosphere). The biochemistry of these organism is well described by De 
Zwaan (1992). The global distribution oi Mytilus is very wide. M. edulis extends in 
Europe fi*om the White Sea (Russia) to the Atlantic coast of southern France and has also 
been identified on the North Carolina coast (USA), Iceland, the Falkland and Kerguelen 
Islands and South America (Gosling, 1992). This very wide distribution makes this 
organism ideal for study, as it is available at most scenes of environmental impact. M. 
edulis is a filter-feeder and herbivore.
1.6.2 Physiology of the digestive gland in Mvtilus sp.
The digestive gland consists of several cell types and is part of the molluscan digestive 
system. It is sometimes called the hepatopancreas, but little is known of the biochemical 
/ physiological function of the tissue other than digestion and storage (Gosling, 1992).
Digestive gland inM edulis has been chosen as the organ of interest in this thesis because 
CYP450 and the associated components, as well as the oxidative activities of the CYP450 
system, are localized primarily in this tissue (Livingstone and Farrar, 1984). Microsomal 
yields have also been recorded as being the highest in the digestive gland (Livingstone et 
al, 1989a).
The digestive gland is a major site for the uptake of lipophilic organic xenobiotics due to
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it being rich in lysosomes, which are also involved in the sequestration of heavy metals and 
organic xenobiotics, as well as intracellular digestion (Gosling, 1992).
1.6.3 CYP450 in Mvtilus sp
CYP450 has been measured for various species oiMytilus sp. by CO difference spectra 
of dithionite-reduced samples, with a peak at 447-452 nm (Livingstone and Farrar, 1984; 
Livingstone et al., 1989a). Another peak at around 416-418 nm has also been observed, 
but the identity of the haemoprotein responsible for this peak is as yet unknown. The size 
of the '418-peak' varies with exposure to xenobiotics and season (Livingstone, 1991b). 
Correlation of the level of this peak with CYP450 content has also been observed which 
indicate two possibilities as to its identity. The first is that there is a functional metabolic 
relationship of this haemoprotein with CYP450, with it possibly being a peroxidase 
(Livingstone et al, 1989a; Livingstone and Pipe, 1992), or alternatively the second is that 
it is the denatured form of CYP450 (equivalent to the cytochrome P420 of mammalian 
systems) (Livingstone, 1991b), although it has a wider distribution than CYP450 and has 
a cytosolic presence (Livingstone and Farrar, 1984).
The oxidative catalytic activities of the CYP450 system in Mytilus sp. include: B[a]P 
hydroxylase, 3-35 pmol/min/mg protein (Livingstone and Farrar, 1984; Stegeman, 1985), 
7-ethoxycoumarin 0-deethylase, 0.1-3.2 pmol/min/mg protein (Livingstone et al., 1989a), 
A/A-dimethylaniline A-demethylase, 3360 pmol/min/mg protein (Livingstone et al., 
1989a), aminopyrine A-demethylase, 50-350 pmol/min/mg protein, (Gilewicz et al., 1984) 
benzphetamine demethylase, progesterone 6-P hydroxylase and cholesterol side chain 
cleavage (Kirchin et al., 1988, Kirchin 1988).
Spectral interaction studies have revealed interesting properties of molluscan CYP450. 
It has been revealed that in M. edulis type 1 compounds e.g 7-ethoxycoumarin, 
testosterone, SKF-525A and a-naphthoflavone give reverse type 1 spectra, with a A 
maximum at 422-431 nm and A minimum at 384-406 nm, also known as modified type II 
spectra. Type two compounds, such as clotrimazole, ketoconazole, metyrapone and 
pyridine, give type II spectra m Mytilus sp. and have A maximum of 424-427 nm and A
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minimum of 384-389 nm. The reason for this is unknown although there is a possibility 
that it is caused by an endogenous substrate being displaced by the exogenous ligand 
(Livingstone et al., 1989a).
CYP450 protein has been partially purified by cholate microsomal solubilisation, 
aminosepharose affinity chromatography and DEAE-sephacel ion-exchange column by 
Kirchin et al (1987). The isolated protein had a molecular weight of 53KDa and the A 
maximum of the carbon monoxide difference spectrum was 449 nm. This has also been 
achieved more recently by Porte et al., (1995), but the protein band was approximately 
54KDa. As yet no specific isoenzyme of CYP450 has been identified in M  edulis by 
either purification of the protein or cloning of the gene. There are, however, a number 
of indicators of certain isozymes, including the investigation carried out by Spry et al. 
(1989) where a rat CLP4A1 cDNA probe was used in hybridization studies to investigate 
the presence of a similar gene expressed in M. edulis. This technique was also used in 
an attempt to identify a gene inM edulis with similarity to the rat CYP2E, but in this case 
no hybridisation was detected (Goldfarb et al., 1989). The vertebrate CTP4A1 gene is 
thought to be ancient in origin, evolving some 800 or more million years ago. Therefore 
there is a strong possibility that a similar gene is present in Mytilus sp. (Nebert and 
Gonzalez, 1987). The CYP2 family however has undergone rapid gene duplication events 
in comparatively recent times and is not thought to be well conserved between species.
Testosterone 6-P-hydroxylase activity was found to be present in the digestive gland of 
M. edulis by Kirchin (1988). This is an activity of CYP3A, which was putatively shown 
to be present inM  edulis by Wootton et al. (1995) using Northern and Southern blots 
with cross-species hybridisation techniques.
The CZPl A gene family has been investigated inM edulis using enzyme assay techniques 
such as EROD and AHH activities. The presence of a CYPIA orthologue inM  edulis 
has been provisionally demonstrated by Wootton et al. (1995). The Ah receptor has not 
been shown to be present using photoaffinity ligand binding in invertebrates, as it has been 
in fish, even though nine different organisms were studied including M  edulis (Hahn et
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a l, 1992; 1994).
Modulation of the MFO system has been investigated with respect to season/reproductive 
cycle, sex and xenobiotic exposure (Livingstone et a l, 1989a). It has also been shown 
that the CYP450 specific content of the digestive gland of M  edulis varies seasonally, 
probably because it is linked to reproduction via steroid metabolism, cycles of food 
acquisition, storage and utilisation. CYP450 content of the digestive gland declines with 
the approach of spawning (February) and the eventual release of gametes from the mantle 
tissue (Livingstone etal, 1989a; Kirchin et al, 1992). B[a]P hydroxylase and NADPH- 
independent ECOD (see section 1.6.4) activities showed marked seasonal changes, 
increasing during autumn to a maximum in November, with the build-up of food reserves 
and again declining with gamete formation and release (Livingstone, 1985; Stegeman, 
1985). Seasonal changes have also been observed in other MFO components, e.g. 
cytochrome bj inMgalloprovincialis andL. littorea (Suteau e ta l, 1985; Livingstone,
1987).
No significant sex differences inM edulis were observed for CYP450 specific content and 
NADPH-independent ECOD activity although the latter changed seasonally (Kirchin et 
al, 1992). B[a]P hydroxylase activity has however been observed to be sex-dependent 
at one time point in the year, this being November, where activity was higher in females 
with respect to maleM edulis (Livingstone, 1985; Suteau et a l, 1985).
Total CYP450 changes with water temperature have been observed in M  
galloprovincialis (Suteau eta l, 1985) andM. edulis (Kirchin e ta l, 1992), suggesting 
that for at least part of the year changes in CYP450 may be regulated by, or dependent 
on, temperature.
The modulation of CYP450 with other MFO components and activities have been studied 
with varying results. Generally total CYP450 has been shown to increase with exposure 
to various aromatic hydrocarbons inM edulis, increasing by 0-200% (Livingstone, 1987; 
1988; Livingstone etal, \9Wo),M. galloprovincialis, increasing by 47-140% (Gilewicz
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e ta l, 1984;Narbonnee/a/., 1991; Michel g /a/., 1993a; I993h) mdLittorinalittorea, 
increasing by 200-300% (Livingstone, 1987; 1988). Some increase in NADPH 
cytochrome c reductase activity in response to PAHs has been seen in M. edulis and M. 
galloprovincialis (Livingstone et a l, 1985; Michel et a l, 1993a).
The increases in CYP450 were often accompanied by a 2-3 nm blue shift in the A 
maximum of the CO difference spectrum (and a similar red shift on depuration and 
recovery) (Livingstone et al, 1985). This change in wavelength may be indicative of the 
CYPIA (previously named P448 due to its absorbance maxima being at 448 nm) 
orthologue being more predominantly expressed in response to hydrocarbon inducers.
The low wavelength peak at around 418 nm has also occasionally been seen to modulate 
in response to these inducers and have been correlated with tissue body burdens of PAH 
and other xenobiotics (Livingstone e ta l, 1985; Livingstone, 1988).
PB-type inducers have not produced a response in fish and this has to a certain extent 
been true also for molluscs, although Galli et a l (1988) demonstrated in M  
galloprovincialis a strong dose-dependent increase in CYP450, cytochrome bj and 
CYP420 contents when exposed to PB. This same experiment was repeated by Michel 
et a l (1993 a), although the actual results were not shown in this report, they found no 
increase in CYP450 when using the same organism, M. galloprovincialis. The reason for 
this discrepancy is not clear.
Phase n  enzymes, such as epoxide hydratase and GST, were investigated by Michel et al. 
(1993a), inM  galloprovincialis. These studies revealed that planar molecules, such as 
B[a]P and tetrachlorobiphenyl (TCB), have no induction effect on GST, but non-planar 
molecules such as hexachlorobiphenyl (HCB) did induce GST. Epoxide hydratase was 
induced inM  galloprovincialis microsomes by B[a]P and HCB, but not TCB.
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1.6.4 NADPH-independent metabolism of xenobiotics by CYP450 in 
Mvtilus sp.
B[a]P, metabolized in the presence of NADPH, to the 9,10-, 4,5,- and 7,8,-dihydrodiols 
as well as the 9-hydroxy and other phenols is indicative of CYP450 involvement in the 
digestive gland microsomes of M  edulis andM galloprovincialis (Michel et al., 1994; 
Stegeman, 1985). The metabolism, in the absence of NADPH, has also been investigated 
by Livingstone et al. (1988a), who has shown that NADPH, at a concentration of 0.2mM, 
can actually inhibit metabolism of B[a]P. The major microsomal metabolites of both 
NADPH-dependent and NADPH-independent metabolism are the 1,3-, 6,12- and 3,6- 
quinones (Stegeman, 1985; Livingstone et al, 1988a; Michel et al, 1992; Lemaire et al, 
1993). Quinones were also the major metabolite of B[a]P metabolism by digestive gland 
microsomes of C.stelleri after treatment with P-NF for three weeks (Schlenk and Buhler,
1988). The NADPH-dependence of B[a]P hydroxylase activity varies with season 
(Suteau et a l, 1985) and both Stegeman(1985)and Livingstone et al. (1989a) have 
concluded that there is more than one process involved in the in vitro metabolism of 
B[a]P, based on the properties of digestive gland microsomal B[a]P hydroxylase activity 
and the metabolites of B[a]P that were formed. Possibilities for the other mechanisms of 
production of the quinone metabolites, in addition to CYP450-catalysed reaction (see 
below), include the co-oxygenation by prostaglandin synthetase and lipid peroxidation 
(Livingstone et a l, 1989a and references therein). The NADPH-independence was also 
seen for 7-ethoxycoumarin 0-deethylase, testosterone hydroxylase, W, A-dimethylaniline 
demethylase (DMAD) and benzphetamine demethylase in digestive gland microsomes of 
M  (Livingstone g/a/., 1988b, 1990b; Kirchin, 1988).
Both the NADPH-dependent and NADPH-independent metabolism of B[a]P by digestive 
gland microsomes oïMytilus sp. have been demonstrated to be catalysed by CYP450 by 
the use of classical CYP450 inhibitors such as a-naphthoflavone and SKF525A 
(Livingstone and Farrar, 1984; Moore g/a/., 1989; Michel g/a/., 1992). Possible sources 
of activated oxygen for the NADPH-independent reaction include an endogenous source 
of reducing equivalents (and molecular oxygen), or endogenous lipid hydroperoxides
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(Livingstone etal, 1989a). The latter would occur via the peroxicjé activity of CYP450 
(Lemaire et a l, 1993) according to the equation:-
RH + ROOH > ROH + ROH where ROOH = peroxide
This activity would correlate with the fact that the metabolites of molluscan B[a]P in vitro 
metabolism are mainly quinones, which are also the predominant metabolites of CYP450 
peroxidase activity with B[a]P as substrate (Cavalieri et al, 1987; 1991). Another 
reaction which may take place is known as the one-electron oxidation, which, after the 
CYP450 /activated oxygen species has been formed, produces a cation radical of the 
substrate as an intermediate, giving rise again to predominantly quinones of B[a]P 
(Cavalieri et a l, 1991; Lemaire et a l, 1993). However whatever the mechanism is of 
molluscan CYP450-catalysed reactions, it is indicated to be a fundamental property of the 
enzyme (rather than a property of the microsomal preparation or system) because the 
same results of predominantly quinone formation fi-om B[a]P were obtained using partially 
purified CYP450 ffomM edulis in a reconstituted MFO system (Porte et a l, 1995). 
Overall, based on these and other properties, it has been concluded that there may be a 
less integrated fimctioning of CYP450 reductase and CYP450 lower down the animal 
kingdom (Livingstone and Stegeman, 1989).
1.6.5 Exposure, uptake and bioaccumulation of organic xenobiotics in 
Mytilus sp.
The aquatic environment is being increasingly exposed to large numbers of xenobiotics, 
including oil, oil-derived products, pesticides, herbicides and heavy metals, all of which 
may have adverse effects on organisms exposed to them (Malins and Collier, 1981). The 
bioavailability of organic chemicals in the aquatic environment has been reviewed by 
Schrap (1991).
Uptake of these compounds hy Mytilus sp. and other organisms is thought to occur mainly 
by a passive process from the sediment, water-column and other biota (Walker and
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Livingstone, 1992). This process is dependent on a number of factors including the 
bioavailability, lipophilicity/hydrophobicity and concentration of the chemical. Rates of 
uptake are much lower from sediments, reflecting the lower bioavailability of the 
associated chemicals. For organic contaminants the aqueous solubility and hydrophobicity 
is important in uptake, as the solubility limits the amount of contaminant available to the 
Mytilus sp, but if there is low solubility there is usually high hydrophobicity, which causes 
the compound to be taken up into lipid-rich tissues of the organism; therefore the body 
burden of xenobiotics m Mytilus sp. is increased when the lipid reserves are high (Walker 
and Livingstone, 1992). The reproductive condition and/or seasonality, temperature and 
feeding habits can affect the patterns of bioaccumulation of xenobiotics. In the case of 
PCBs it has been suggested that the bioaccumulation of these organic hydrocarbons is 
strongly influenced by their stereochemistry (Shaw and Connel, 1984). Uptake via food 
and particulate matter has been shown to enhance the rate of uptake of crude-oil derived 
aromatic hydrocarbons by M  edulis (Widdows et a l, 1982). Quantitative structure- 
activity relationships (QSARS) have been calculated to try to predict the sublethal 
response oïmaxmQ Mytilus sp. to certain chemicals, although as many different factors are 
involved, it is not always possible to predict accurately (Donkin e ta l, 1991).
Bioaccumulation is dependent on the organism and the balance between the rate of uptake 
and the rate of metabolism and elimination of the compound. Bioaccumulation can take 
place either by a linear (until a maximal tissue equilibrium concentration is reached), 
biphasic or multiphasic route. A prediction of the rate of bioaccumulation of a compound 
can be made by examining the hydrophobicity of the chemical although the observed 
bioaccumulation is not always the same as the predicted rate (Widdows and Donkin,
1992).
There are a number of factors affecting depuration including pre-exposure of the organism 
to the chemical. Short exposure leads to fast and complete excretion, whereas long term 
exposure leads to slower and often incomplete elimination therefore increasing the half life 
of the chemical (Walker and Livingstone, 1992). A contributing factor to this persistence 
may be the formation of macromolecular adducts. This has been shown in M. edulis when
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putative protein adducts of B[a]P were formed in in vitro incubations with microsomes 
(Livingstone et al, 1990b) and more recently in vivo bioactivation of B[a]P to metabolites 
that bind to DNA in carp has been demonstrated (Kurelec et al., 1991).
U -  BIOMARKERS OF ENVIRONMENTAL IMPACT OF POLLUTION
Measurement of pollution in an already heavily contaminated marine environment can be 
made in a number of ways. Simple chemical analysis of the water or the organism can be 
made. Although this gives some information about the nature and the quantity of a known 
contaminant, it can only measure a limited number of chemicals and it does not make 
available the information about the interactions that take place between a chemical and the 
organism. Biomarkers however, which measure the sub-lethal effects on an organism, can 
detect the presence of both unknown and known contaminants, at much lower 
concentrations to those which can be detected by chemical analysis. The use of biological 
markers in toxicology is reviewed by Henderson et al. (1989).
A general definition of a biomarker is: measurements of body fluids, cells, tissues or whole 
animals that indicate in biochemical, cellular, physiological, behavioural or energetic terms 
the presence of contaminants or the magnitude of the host response (Livingstone, 1993).
Molecular and cellular biomarkers are of two main types, a) specific biomarker which 
respond only to certain types of chemical contaminant, e.g. metallothioneins, which 
respond only to metals (i.e. they indicate that an organism has been impacted by 
pollution), b) general biomarkers which respond to chemical contamination as a whole and 
also non-pollutant stressors, e.g. lysosomal changes (i.e. they indicate that a decrease in 
animal fitness has occurred) (Moore et al., 1987).
Biomarkers can be used at the molecular, cellular or whole animal level, but most 
contaminant interactions occur initially at the molecular level, which allows for early 
detection and remedial or preventative action to take place. The molecular level is useful 
to study because phylogenetic differences may be less at this level so allowing the
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techniques to be applied to a wide range of organisms (Livingstone, 1993). However, 
differences are also evident, as for example in the inducibility of the CYP450 forms 
(Livingstone, 1994).
Widdows and Donkin, (1992) described a list of criteria for a general biomarker of animal 
health:
1. is sensitive to environmental levels of pollutants and a large scope of response 
from optimal to lethal conditions, to allow detection of pollution at varying levels,
2. reflect a quantitative and predictable relationship with toxic contaminants,
3. relatively short response time, in the order of hours to weeks, so that pollution 
impact can be detected in its initial stages,
4. applicable to both laboratory and field studies in order to relate laboratory-based 
concentration-response relationships to field measurements of spacial and 
temporal changes in environmental quality,
5. provide an integrated response to the 'total pollutant load', thus providing a 
measure of the overall impact, but also provide insight into the underlying cause 
and the mechanism of toxicity,
6. the biological response should have ecological relevance and be shown to reflect 
deleterious effects on growth, reproduction or survival of the individual, the 
population and ultimately the community.
Induction of hepatic C'YPIA in fish has been used extensively worldwide as a routine 
specific biomarker of exposure to organic pollutants such as PAHs, PCBs and dioxins 
(Goksoyr and Forlin, 1992; Goksoyr, 1995) (also see section 1.7.2).
The advantages for using animal response instead of chemical analysis of water or 
sediment, are as follows: (McCarthy and Shugart, 1990)
1. it is possible to assay for only the bioavailable pollutants showing the risks of 
exposure of the pollutant to that organism,
2. it is possible to identify routes of exposure as well as the absorption, uptake and
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accumulation effects,
3. it shows the toxic effects of metabolised as well as parent compound,
4. it has cumulative effects and short term predictors of long term effects,
5. it can attribute 'exposure and risk' to environmental pollutants,
6. it reveals the effects of integration of pharmacodynamic and toxicological 
interactions of mixtures of contaminants.
Bivalves and in particular have been used as sentinels since in 1978 Goldberg first wy
described the Mussel watch concept in 1975. Mytilus sp. have been found to be useful
tools in pollution monitoring and are used due to the following properties as outlined by
Widdows and Donkin, (1992):
Mytilus sp. are
1. dominant members of coastal and estuarine communities and are global in 
distribution, minimising the problems associated with comparing different 
organisms,
2. sedentary, therefore cannot move away from areas of pollution,
3. relatively tolerant to a wide range of contaminants, therefore in areas of moderate 
pollution there will still Mytilus sp. that are alive,
4. frlter-feeders at several litres per hour, and accumulate xenobiotics by factors of 
10-10^ above ambient, allowing the presence of low concentration pollutants to 
be measured,
5. reveal bioavailability rather than presence, so only detects chemicals that are 
available for intake into the organism,
6. have a lower activity of biotransformation enzymes than organisms such as fish, 
therefore the contaminant concentrations in the tissues more accurately reflect the 
magnitude of the environmental contamination if the concentration of chemicals 
in the organism is being investigated,
7. have relatively stable populations and large enough for repeat sampling, therefore 
long term studies will have a ready supply of samples without affecting the 
population.
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8. easily transplanted and have easy maintenance, so areas where there is pollution 
but no Mytilus sp. can have these organisms transplanted to the area and can also 
be kept in laboratory conditions without a high mortality rate,
9. a commercially important seafood and therefore contamination is of interest to 
public health.
Biological effects of petroleum-derived hydrocarbons in marine molluscs at the molecular, 
sub-cellular, cellular, tissue and individual physiological response levels have been 
reviewed by Moore et al. (1987; 1988), with particular reference to marine molluscs as 
'indicator species' or 'sentinel organisms' for environmental monitoring.
A major problem has been shown to be the seasonal variation in biochemical and 
physiological parameters in M. edulis due to reproductive status and lipid levels (Kirchin 
et al, 1992) and changes with environmental variables such as temperature and salinity, 
the extent of which needs to be established for each biomarker (Livingstone, 1993).
Many pollution projects have used molluscs, including studies in the Venice lagoon 
(Fossato et a l, 1979), Denmark (Jenson, 1981), Thailand (Menasveta and 
Cheevaparanapiwat, 1981), Greece (Satsmadjis and Voutsinou-Taliadouri, 1983), USA 
(Goldberg et a l, 1978) and Hong Kong (Phillips, 1985).
1.7.1 Induction of CYPlAl in aquatic organisms as a specific biomarker 
of exposure to organic pollution
Induction of CYPIA or a CYPl A-like enzyme as a specific biomarker of organic pollution 
has been studied extensively in fish (Payne et al, 1987; Livingstone, 1993; Stegeman and 
Hahn, 1994; Goks(|)yr, 1995) and to a much less extent in marine invertebrates, including 
bivalve molluscs (Livingstone, 1991b, 1994). Unlike most biochemical changes which 
are secondary in nature and appear in association with cellular damage, the induction of 
CYPIA and the MFO system is a primary detoxification response. Induction of the 
enzymes by xenobiotics e.g. pollutants, can be expected to be detected before the onset
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of more serious pathologies and therefore can be used as an early warning signal. CYPIA 
has been studied extensively because it is both responsible for the metabolism of many 
organic pollutants, such as PAHs and is induced by them.
In fish the catalytic activity of CYPIA, namely EROD and AHH, as a measure of CYPIA 
induction by pollution is used routinely and dose-response relationships with contaminant 
exposure have often been demonstrated (Goks(|)yr and Forlin, 1992). Field induction of 
hepatic CYPIA in fish has also been measured in terms of both increased CYPIA mRNA 
and CYPl A protein levels. Indeed, given that certain xenobiotics, such as particular PCB 
congeners or Cd, can inhibit CYPIA catalytic activity, it is recommended that at least two 
measure^f CYPIA induction (mRNA, protein or catalytic activity) be used in monitoring 
programmes (Goks(|)yr and Forlin, 1992; Livingstone, 1993). Additionally, the presence 
of elevated mRNA need not necessarily lead to increased CYPIA protein because it 
cannot be assumed that translation of the mRNA to its protein product always occurs, the 
presence of the apoprotein does not necessarily indicate enzymatic activity, due to 
competitive inhibition, mechanism based inactivation or selective decrease in translation 
(Haasch et ah, 1993). Examples of the use of hepatic CYPIA mRNA levels in pollution 
monitoring include studies of chemical exposure of Limanda limanda (Dab) from the 
North Sea (Renton and Addison, 1992). In this study the fish were collected along a 
transect of several hundred kilometres from the plume of two German rivers, the Weser 
and Elbe and from an abandoned oil rig. The CYPIA mRNA levels were measured using 
a cDNA oligonucleotide probe, 23 bases long, which corresponded to nucleotides 705- 
727 in rat cytochrome P250d (this sequence differs by three nucleotides from the sequence 
published for O. mykiss CFPl Al -Heilmann et al, 1988). The study showed that mRNA 
levels correlated with the elevation of CYPIA catalytic activity measured as EROD and 
cyano-ethoxycoumarin activities.
Kreamer et al. (1991) have also used CYP450 mRNA levels to study the contamination 
of the Hudson Bay with PCB s. They concluded that, because mRNA levels decreased 
approximately 20 hours after exposure, mRNA expression in fishes, if used as a biomarker 
to some organic pollutants such as PAHs, may provide information on only the very
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recent exposure history of the individual.
It was postulated in 1989 by Spry et al. that if the CYP450 system inM  edulis can be 
induced in response to organic pollutant, then the detection of the mRNA could be used 
as a biomarker of environmental pollution in the marine environment for this species. It 
was Spry et al. (1989) that demonstrated the feasibility of using mammalian cDNA probes 
to detect similar DNA sequences in M  edulis.
The use of a fish CZP lAl cDNA probe to detect a CTPl A-like gene inM  edulis and M  
galloprovincialis has been reported by Wootton et al. (1995) and the use of this technique 
to detect the modulation of the gene by organic pollution has been investigated 
(Livingstone et al, 1993; 1995; Wootton et al., 1995). The use of the fish cDNA probe 
to CZPIA indicates a remarkably strong conservation of regions within the CTPl A gene, 
as shown between mammals and fish, which implicates an important role in the catalytic 
function and/or structure of this gene (Gok(j)yr and Forlin, 1992). This conservation is 
also apparent in the immunological cross-reactions seen with fish CYPl Al antibodies with 
mammalian (Goks(|)yr et al., 1991) and mussel (Porte et al., 1995; Livingstone et a l, 
1995) microsomal and CYP450 systems.
M  STATE OF KNOWLEDGE OF FORMS AND REGULATION OF 
MUSSEL AND OTHER MOLLIJSGAN CYP450 AT START OF THIS 
THESIS
At the start of this thesis there was a certain amount of knowledge of molluscan 
CYP450S, including that multiple forms are indicated to be present. The evidence for this 
was obtained from enzyme purification (Kirchin et a l, 1987), induction studies 
(Livingstone, 1991b), Western blotting analysis (Schlenk and Buhler, 1989b), Southern 
and Northern analysis (Spry et al, 1989; Spry, 1991). Although there is no definitive 
evidence for any specific isoform of CYP450, the Southern and Northern blot analysis 
performed Dr. A. Spry indicated the presence of CYP450 forms with similarity to 
mammalian CYPIA and CYP4A.
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Endogenous and to a lesser extent exogenous regulation of CYP450 was indicated from 
seasonal (Livingstone, 1985; Suteau et al, 1985; Kirchin et a l, 1992), laboratory 
exposure and field studies (Livingstone, 1991a, b; Michel et al, 1993a). Induction of a 
CLPl A form was indicated from changes in the X maximum of the CO-difference spectra 
of M  edulis exposed to PAHs and other hydrocarbons (Livingstone et al, 1985) and 
Western blot analysis with antibodies to fish CYPIA of C. stelleri exposed to P-NF 
(Schlenk and Buhler, 1989a).
M  MAIN OBJECTIVES OF THE STUDY TN DIGESTIVE GLAND OF 
MYTILUS SP.
The main objectives of this study was to: a)confirm the presence and expression of 
CYPIA and CYP4A mRNAs, and to extend this characterisation to other C7P450 gene 
families, b) Investigate the endogenous and exogenous regulation of different C7P450 
genes, but with particular importance given to the C7P1A gene, c) Investigate the use of 
CLP 1 A-like gene as a specific biomarker of organic pollution, d) To obtain sequence 
information on Mytilus sp. C7P1A and C7P4A1 as a means to develop specific probes 
to study the expression of the genes.
1.10 WORK CARRIED OUT AND THESIS CONTENTS
The sources of biological material and the biochemical and molecular biological 
methodologies are described in chapter 2. The constitutive expression of CYP450s of M  
edulis are examined in chapter 3, including studies on the presence and expression of 
multiple genes and the seasonal variation in this expression. The latter study on 
endogenous regulation of the C7P450 genes was also combined with measurements of 
MFO activities in order to give some insight into the possible catalytic activities of the 
protein products of the genes. Chapter 4 examines exogenous regulation of the C7P1A- 
like gene by xenobiotics in Mytilus sp. in both laboratory and field studies. The 
xenobiotics used include B[a]P and PCBs. Additionally, information is presented on 
response to xenobiotics of a range of CTP450 genes in liver of the alligator A.
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mississippiensis. Chapter 5 details the attempts to characterise the C7P1A and C7P4A- 
like genes ^om Mytilus sp. using both genomic library screening techniques as well as the 
use of the polymerase chain reaction technique. Chapter 6 will detail the conclusions that 
may be gained from the experiments performed.
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CHAPTER 2
MATERIALS AND EXPERIMENTAL PROCEDURES
Z l  INTRODUCTION
Techniques common to two or more procedures are described in section 2.4. Recipes for 
the buffers, media and solutions used in the procedures are given in Appendix 1. Water 
of the highest quality was used but for the initial part of the project only Millipore reverse 
osmosis was available, whereas in the latter stages Millipore milli-Q water was used. 
Sterilization was by autoclaving or by filtration using a 0.22pm filter. To render solutions 
nuclease-fi-ee diethyl pyrocarbonate (DEPC) treatment was used where appropriate. Most 
of the procedures used were modifications of previously reported methods. Original 
references are given where appropriate. Experiments were performed with regard to the 
appropriate safety guidelines (COSSH and ACGM) with routine use of latex gloves to 
prevent contamination of samples. Details of procedures are given with a brief discussion 
of the principles involved.
Z2  MATERIALS
2.2.1 Chemicals
The chemicals used in the procedures described in this chapter were obtained from the 
following companies:
Amersham, U.K -
[oc-^ S^] deoxyadenosine triphosphate (dATP), Hybond N, Hybond N+, reverse 
transcriptase (RAV-2), Rapid-hyb hybridisation buffer.
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Biogenesis, U.K,
RNAzol-B, Ultraspec RNA and RNA Stat-60 from Tel-Test "B", Inc, Tx USA. 
(Equivalent firm in USA)
Boehringer Mannheim, Germany-
Tris (2-amino-2-(hydroxymethyl)-l,3-propandiol, crystallised). Agarose. 
(Multi-purpose), deoxyadenosine triphosphate (dATP), deoxythymidine 
triphosphate (dTTP), deoxyguanosine triphosphate (dGTP), deoxycytidine 
triphosphate (dCTP), RNase A, Proteinase K,
Costar, U.K -
Spin-X columns,
Fisons, U .K .-
Sodium hydroxide. Sucrose, 38% w/v formaldehyde
FMC (obtained through Flowgen Instruments Ltd. U.K.)
NuSieve low melting point agarose. Genetic technology grade.
Gib CO BRL, U.K. -
Restriction enzymes, REact buffers, spermidine, X-gal, TEMED, X Hindlll and 
(|)X174 Hae III, T4 DNA ligase and lOx Ligase buffer, pUC 18,
ICN Flow, U.K. -
[cc-'^ P^] dCTP, positively charged membrane - Biotrans+
National Diagnostics, U.S.A.:-
Ammonium persulphate.
Sequagel-6, and Sequagel-6 buffer reagent.
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Merck, U.K
Sodium hydrogen carbonate, formamide, isopropanol, poly-Adenine, poly- 
Cytosine, ammonium acetate, HCl
Pharmacia, Sweden:-
Nick columns, Sephadex G-50 DNA grade, Ficoll 400.
Promega, U.K. -
T4 DNA ligase and buffer, Taq DNA polymerase, Cla\ restriction enzyme and 
buffer. AMV reverse transcriptase (20,000U/ml)
Sigma, U.K. -
Citric acid-Trisodium sait, Dihydrate, Sodium Chloride, sodium dodecyl 
sulphate (SDS), ethylene diamine tetracetic acid (EDTA - Disodium sait), 
ethidium bromide, methylene blue, bromophenol blue, 
polyvinylpyrolidone, ampicillin, isopropyl P-D-thiogalactopyranoside 
(IPTG), bovine serum albumin (Fraction V), morpholinopropanesulphonic 
acid (MOPS), sucrose, DEPC, salmon sperm DNA, herring sperm DNA.
Unipath, U.K. -
Tryptone, Yeast extract.
Wardray Products Ltd, U.K. -
RG fixer and RG Developer for the automatic film processor.
2.2.2 Radiochemicals.
All procedures involving radiochemicals were carried out in accordance with the 
guidelines described in Local Rules for Protection Against Ionizing Radiation', published 
by the University of Surrey safety office.
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The following radiochemicals were used for the procedures to follow:
Deoxycytidine-5'-[a^^P]-triphosphate (^ P^ dCTP), triethylammonium salt, with a specific 
activity of 1.11 TBq/mmol.
Deoxyadenosine-5'-[a^^S]-triphosphate dATP), triethylammonium salt with a specific 
activity of 37 TBq/mmol.
2.2.3 Kits
Amersham International, U.K. -
Megaprime DNA labelling kit.
Multiprime DNA labelling kit.
Rediprime DNA labelling kit
United States Biochemical corporation (now part of Amersham as above:-
Sequenase Version II sequencing kit.
Stratech Scientific, U.K.:-
Geneclean II kit.
Diagen Inc, U.S.A.:-
Qiagen Midi and Mini plasmid preparation kits.
Promega, U.K.:-
Wizard(previously known as Magic) plasmid preparation kits (mini and maxi), 
poly-Atract III mRNA isolation kit and magnet.
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2.2.4 Bacterial strains.
The strains oiE. coli used, together with their genotypes are shown in table 2.1.
The culture media used for all the strains of E. coli was LB medium, (for recipe see 
appendix 1). This was chosen in preference to the TYN broth used by Spry et al (1991), 
as it gave a better yield of plasmid when performing plasmid preparations from culture.
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Strain Usage Genotype Reference
TBl Plasmid host ara, hsdK, thi, r,,^ , strA^ ô lac-pro, 
(|)80dlacZôM15
BRL (1989)
P2392 lambda 
EMBL3 host
F', hsdR5\4, r^ ', 
supE44, supFSS, galkl, 
6{lacJZY)6, gaU ll, metBl, 
trpKSS, X-
Sambrook et al. 
(1989)
Y1090 Plasmid
host
b{lac\J 169), pro AY, 
b{lon), araD139, strA, 
(pMC9), [/r/?C22:TnlO], 
supV
Young and 
Davis, 
(1983)
INVaF- TA vector 
host
endPd, recAl, 
hsdR\l{x-\i, m+k), 
supE44,X-, thi-\, gyrA, 
relAl, (|)80 lacZa M l5 {lacZYA.- 
argV), deoR+, F'
Invitrogen
Corporation
(1992)
Table 2.1 Strains of E. coli, their usage and genotype.
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2.2.5 Cloning vectors.
The cloning vectors used in this study were 
pUC18(CYPllAl)
pUC19 (CYP2D, CYP3, CYP4A1, Actin) 
pUC9 (CYPlAl, CYP2C, CYP2E) 
pBR322 (CYP2B)
PGR reaction (see section 2.9) products were cloned into the TA vector (PCRII).
All the vectors used conferred ampicillin resistance to the bacterial host following 
transfection. Their restriction enzyme maps can be found in Sambrook et al. (1989) 
except the TA vector for which the restriction map can be obtained from R & D systems 
Europe, U.K.
2.2.6 cDNA probes.
The cDNA probes used in this study were obtained from various sources, O. mykiss r
C7P1A cDNA was a gift from Dr. J. Stegeman of the Woods Hole institute, USA and '
was originally described by Heilmann et al. (1988); C7P4A cDNA was obtained from 
Professor G.G. Gibson at the University of Surrey and was originally described by 
Eamshaw et al. (1988); CYP\ 1 Al cDNA was a gift from Professor R. Estabrook and was 
originally described by Chung et al. (1986); the remaining CYPl and CYP3A cDNA 
probes were obtained from the Human Genome Resource Centre.
Table 2.2 shows the source, name and the restriction enzyme used to cut the CZP450 
cDNA inserts from the plasmid vectors.
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CYP450 Origin Clone name Restriction
enzyme(s)
Size of insert.
CZPIA 0. mykiss pfP,450 Cla\ dXiàEcoRl 1.4 kb
C7P2B human pMPlO EcoRl 0.34 kb
CYP2C human pB 1.600 Pstl 0.6 kb
CYP2D human pMP32 EcoRl 1.4 kb
CYP2E human pP450j EcoRl 1.8 kb
CYP3 human phPCN12 EcoR\ 1.7 kb
CYP4AI rat EcoRl 2.1 kb
CYPUAl human EcoRl 1.9 kb
Actin human BamHl 2.0 kb
Table 2.2 Information relating to the C7P450 cDNA probes used in this study.
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A. CYPIA
p U C 9
B. CYP2B
pBR322
C. CYP2C
p U C 9
D. CYP2D
p U C 1 9
E. CYP2E
pUC9
F. CYP3
pUC19
G. CYP4A1
1.7kb
pUC9
H. CYPllAl
pUC19
Coding nucleotide sequence Non-coding nucleotide sequence
Figure 2.0 Schematic diagrams o f the cDNA probes used in this stdy, describing the
plasmids in which they are contained, therestriction enzymes used to remove 
the insert from the vector and the size o f the insert.
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2.2.7 Genomic DNA Libraries
The genomic library screened in the experiments to isolate the M. edulis CYPIK gene 
was made by Dr. A. Spry (1991), using a total BamYiX digest and a partial SatiSA digest 
of DNA isolated from M  edulis mantle tissue. The fragmented DNA was inserted into a 
bacteriophage X EMBL3 vector. The library was then packaged and used to infect E. coli 
LE392. The titre was measured at the time of library construction and was found to 
contain a total of 1 x 10^  viable clones. It was concluded that the recombinant phage 
represented only about half of theM edulis genome. The average size of the inserts was 
approximately lOkb.
13  ORGANISMS 
2.3.1 Mussels
Mussels (4-5 cm length) were collected at low tide from Whitsand Bay, Cornwall {Mytilus 
edulis) and from the Venice lagoon, Italy {Mytilus galloprovincialis). In those from 
Whitsand Bay, an overnight depuration of the contents of the guts was undertaken in a 
system of ambient recirculating seawater before dissection, as recommended by Bayne 
(1978). The digestive gland was extracted, the crystalline style removed and the gland 
snap-frozen in liquid nitrogen. Frozen digestive glands were stored at -70°C until used.
2.3.2 Alligator
Alligator mississippiensis were obtained from the Rockefellar Wildlife Preserve (Grand 
Chenier, Louisiana) and were maintained as described in Jewell et al. (1989). Animals 
were sacrificed and the livers removed, dissected into Icm  ^pieces and snap frozen in 
liquid nitrogen. The livers were stored at -70 °C until used.
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ZA GENERAL PROCEDURES
The following procedures are common to much of the experimental work.
2.4.1 Sterilization and removal of unwanted nuclease activities
Solutions, plastic-ware and glass-ware were sterilized to remove contamination by 
bacteria and fiingi. The destruction of exogenous unwanted nuclease activity is vital when 
using DNA and RNA, as nucleic acids are easily degraded by these enzymes. Sterilisation 
was a convenient method of producing nuclease free glass-ware and solutions.
2.4.1.1 Sterilization by antoclaving
The autoclave used was the RS1 series 22 automatic autoclave. This allows the solutions 
or glass/plastic-ware to reach a temperature of 121 °C for 20 minutes at a pressure of 
151b/inl All glass-ware and plastic-ware were treated in this way before being used and 
many of the solutions were also autoclaved.
2.4.1.2 Removal of nuclease activities from solutions
DEPC was added to solutions in Millipore RO or Milli-Q water to a final concentration 
of 0.1% (v/v) and stirred overnight. The solutions were then autoclaved as in section 
2.4.1.1. Many solutions can be treated this way, except those containing Tris buffer which 
needed to be prepared by autoclaving of concentrated solutions followed by dilution in 
water which had been treated with DEPC and previously autoclaved.
2.4.2 Spectroscopy of nucleic acids to determine concentration
Many procedures require the accurate determination of the concentration of nucleic acids, 
which can be obtained by measuring the absorbance of the solution at 260 nm in quartz 
cuvettes with a 10 mm path length. The absorbance at 260 nm can then be used in the
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following equation to determine the concentration.
Nucleic acid conc.= Ajgo x dilution x 1 absorbance unit (gg/mll 
(gg/gl) 1000
where 1 absorbance unit
(A2 6 0 ) = 50 gg/ml double stranded DNA
40 gg/ml RNA
37 gg/ml single stranded DNA 
20gg/ml oligonucleotides
It is also possible to determine the purity of the DNA or RNA from the A2 6 (/A2 go ratio. 
This ratio should be:
1.8 for DNA
1.9 for RNA
Degradation of the nucleic acid, or impurities such as protein or salt can affect the ratio 
(Sambrook e/fl/., 1989).
2.4.3 Restriction enzyme digests of DNA
Restriction enzymes isolated from bacteria are DNAses which recognize specific 
palindromic target sequences, generally of around 4 to 6 nucleotides in length, in DNA. 
There are two types of restriction enzymes: Type I recognises a specific sequence but 
makes a cut elsewhere and type II cuts at a specific site within the recognized sequence. 
Only type II restriction enzymes were used here.
Different restriction enzymes require different salt conditions for optimal activity so it is 
important to use the correct buffer system, (which is usually supplied with the enzyme). 
4mM spermidine was added to all digests to remove any residual protein contaminants 
from the DNA sample. Also the enzyme concentration in the digest was kept to a 
minimum to avoid adding excess amounts of the glycerol preservative.
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A typical restriction enzyme digest was set up as follows: 
40 mM spermidine 2 pi
10 X buffer 2 pi
restriction enzyme 1  pi
DNA 1 pg
Water to 20 pi
Table 2.3 lists the restriction endonucleases used in this study, the palindromic sequences 
that the enzymes recognises and the place in this sequence in which they cut the DNA.
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Name of enzyme Target sequence and cleavage site.
EcdKi G'AA|TTC
c t t Ia a 'g
Clal AT'CjGAT
t a g ! C IA
Pstl CTGjCA'G
G'a c Ig tc
BamHl G'GA|TCC
CCTIa G'G
Table 2.3 A list of the restriction enzymes used in this study.
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2.4.4 Agarose gel electrophoresis
Agarose is a purified derivative of agar, obtained from certain varieties of seaweed. When 
dissolved in water by heating, it forms a complex gel through which macromolecules can 
travel and separate according to their molecular weight, when placed in an electrical field. 
The negatively charged DNA or RNA will enter the agarose and move towards the anode. 
Agarose gels for DNA can range in concentration between 0.7% and 4%, made up in 
electrophoresis buffer (tris-acetate-EDTA, see Appendix 1). The lower concentration gels 
are used for large molecules, e.g. 4 - 23  KB, and the higher concentrations to separate 
small fi-agments, e.g. 0.02 - 4 KB.
Gel electrophoresis for RNA requires a denaturing process to remove secondary 
structure. The gel contains 17% formaldehyde (supplied from the manufacturer as a 37% 
solution) and MOPS (see appendix 1) as the electrophoresis buffer. The gel tank, 
containing the gel and electrophoresis buffer, is connected to a power pack, which can be 
set at constant current or constant voltage. Either may be used, but it was usual to run 
the gel at constant current, starting at 100 mA and after the DNA or RNA running dye 
had left the wells increased to 150 mA. For the low melting point agarose gels a lower 
current was used (100 mA) to reduce the heat generated by this system and thus prevent 
the gel melting. The Northern blot gels were run at 80 mA in order to obtain sharper 
bands. Maximum resolution can be achieved using a voltage < 5 V/cm gel.
Two types of gel tank were used. For up to eight samples the Pharmacia GNA-100 
Submarine apparatus (Pharmacia, Sweden) was used and for larger number of samples the 
BRL Model H5 Submarine gel apparatus (BRL, U.K.) was used. A home made gel tank 
was occasionally used, mainly for RNA gels.
2.4.5 Ethidium bromide staining
Ethidium bromide is a fluorescent dye which contains planar groups which intercalate 
between stacked bases of DNA. The fixed position of this group and its close proximity
61
to the nucleotide bases causes dye bound to DNA to display an increased UV fluorescence 
yield compared to free solution (Sharp et al., 1973). The affinity of ethidium bromide is 
lower for RNA because there is no double helix for intercalation. Appropriate precautions 
were taken when using ethidium bromide as it is a suspected carcinogen.
Ethidium bromide was made up to a concentration of 3 pg/ml in electrophoresis buffer. 
The gel was transferred from the gel tank to the ethidium bromide and left on a shaker for 
10 minutes. It was then visualised using a UV light source (Model TM20 
transilluminator- Genetic research Instrumentation Ltd; >2500 pW/cm2). The nucleic 
acid should be clear, the bands should be sharp and the background should be clear. If the 
gel background was too pink, then it was destained in electrophoresis buffer and if not 
dark enough was placed back in the ethidium bromide stain solution.
If gel electrophoresis was used to prepare DNA fragments for subsequent ligation into a 
plasmid vector and subsequent sequencing, UV exposure was minimised as UV light 
causes nicking of the DNA (Sambrook et ah, 1989).
2.4.6 Photography
Gels were photographed through a Wratten orange 22A filter using a Polaroid Land 
Speed MP-4 camera and monochrome Polaroid type 55 positive/negative film or Polaroid 
type 665 positive only film.
The negative was rinsed in water and then left to air dry. The positive portion of the type 
55 film was coated with gloss and air dried.
2.4.7 Recovery of DNA from agarose gels
After size fi"actionation in agarose, it is often necessary to recover DNA fragments for use 
as a probe in hybridisation techniques or cloning into a plasmid vector. A number of 
purification techniques were used, in all cases the DNA was first cut from the ethidium
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bromide stained gel using a sterile scalpel.
2.4.7.1 Purification with Geneclean
This method was performed according to the manufacturer's protocol (Stratech scientific) 
and based on the method described by Vogelstein and Gillespie (1979). 3 volumes of Nal 
was added to the weighed piece of gel in a microcentrifuge tube and heated at 65°C until 
the gel had melted. 5 pi of'glass milk' (supplied in the kit) was added to the mixture and 
left on ice for 15 minutes. This mbcture was then centrifuged for 20 seconds at 13,000rpm 
and washed three times with 400 pi of'New Wash' (made up from concentrate obtained 
in the kit). After the last of the 'New wash' had been removed, 10 pi of sterile water was 
added and the pellet resuspended, incubated a 55°C for 5 minutes and centrifuged. The 
supernatant was retained in a clean eppendorf tube. This was repeated twice, resulting 
in 30 pi of supernatant which contained the DNA. This procedure worked for DNA 
fragments of between 500 bp and 10 KB. If spectrophotometric analysis of the DNA was 
required, then the peak was not found at 260 nm but at around 230 nm because the 
residual Nal shifted the peak, thus preventing accurate determination of DNA 
concentration. Residual Nal did not seem to affect some subsequent reactions, such as 
probe labelling, in which the DNA was used.
2.4.7.2 Purification using Spin-X columns
The gel slice was placed in the top of the Spin-X (Costar) column, inserted into an 
microcentrifuge tube and then spun at 13,000rpm for 40 minutes at 4°C. The DNA and 
electrophoresis buffer were eluted into the bottom chamber of the microcentrifuge tube, 
leaving the compressed gel in the top chamber. A good yield of DNA was obtained from 
this method, if the DNA was around 400 bp, but larger fragments of DNA appeared to 
be sheared by the procedure as indicated by gel electrophoresis.
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2.4.8 Ethanol precipitation of nucleic acids
Nucleic acids were precipitated from aqueous solution using the following procedure: 0.5 
volumes of 7.5 M ammonium acetate was added to the DNA followed by 2 volumes of 
100% ethanol. These were mixed and placed at -70 °C for 30 minutes. The precipitated 
nucleic acid was pelleted by centrifugation at 12,000 rpm at 4°C for 30 minutes and then 
washed in 70% (v/v) ethanol and dried prior to resuspension in an appropriate volume of 
water or TE buffer (see appendix 1).
2.4.9 Blotting of DNA or RNA onto a nylon membrane
Capillary blotting was used to transfer both RNA and DNA from an agarose gel to a nylon 
membrane. Figure 2.1 shows a diagrammatic representation of the blotting apparatus, 
which was left overnight to allow total transfer of all nucleic acids. The apparatus was 
then dismantled and the membrane allowed to air dry for 1 hour. It was then placed onto 
the UV transilluminator for 3 minutes to permanently bond the nucleic acids to the 
membrane.
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500g
%
Weight
Glass plate
Wick (Whatman 3MM paper) 
Glass eontainer 
20 X SSC (see appendix 1) 
Rnhberhnngs
Figure 2.1 Diagrammatic representation of the blotting apparatus used to transfer the 
nucleic acids from an agarose gel to a nylon membrane.
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2.4.10 Autoradiography
In all cases, Kodak X-OMAT high speed X-ray film was used. Filters hybridised with 
labelled probes which had been placed in clear plastic bags and sequencing gels which 
had been dried on filter paper, were placed into cassettes containing intensifying screens. 
The autoradiography film was placed inside the cassettes [in a dark room, lit only by 
photographic red safe lights]. The cassettes containing labelled filters were placed at 
-70°C to obtain more discreet bands whereas cassettes containing labelled filters were 
retained at room temperature. The length of exposure depended on the amount of 
radioactivity on the filters, the ^^ P time of exposure ranging from 20 minutes to 3 weeks 
and the usually overnight.
The autoradiograph film was developed using an automatic developer (Fuji Medical film 
processor RGII).
2^  TRANSFECTION OF PLASMID VECTORS INTO E. coli
To produce large amounts of the required plasmid and therefore cDNA insert, it was 
necessary to transfect the plasmid into a bacterial host. Growth of the bacterial population 
results in multiplication of the incorporated plasmid. Thus, it was necessary to produce 
competent E. coli which were capable of accepting the plasmid vector.
2.5.1 Preparation of competent cells
Competent E. coli cells, capable of taking up exogenous DNA were produced from 
normal cells. These were grown on a minimal growth medium, containing N a\ K ,^ Mg^ ,^ 
Ca^\ NH4", Cl, HPCf' and SQ’ , which selects for bacteria which can synthesize all 
necessary organic substances, such as amino acids, vitamins, and lipids (prototroph.). 
Also it was necessary to grow the cells on media supplemented with thiamine-HCl to 
select for the F' gene which is necessary for colour selection. The following protocol was 
taken from the Promega protocols and applications guide (1991) and is suitable for strains
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used for blue/white screening.
The desired bacterial strain was streaked onto M-9 (minimal media) plates containing 
thiamine-HCl (see appendix 1). The plates were then incubated at 37°C for 2 days. A 
single colony from the plate was used to inoculate 25 ml LB medium (see appendix 1.) 
which was incubated at 37°C overnight, shaking vigorously.
500 ml of LB medium was inoculated with 5 ml of cells from the overnight culture and 
shaken at 150-200 rpm at 37°C until the A^oo reached 0.45-0.55 absorbance units. The 
cells were then chilled in ice water for 2  hours followed by collection by centrifugation at 
2,500 g for 2 0  minutes at 4°C. The pellet was resuspended in 15 ml of the ice-cold 
trituration buffer (see appendix. 1) and finally diluted to 500 ml with the trituration buffer. 
These cells were incubated on ice for 45 minutes, centrifuged at 1,800 g for 10 minutes 
and gently resuspended in 50 ml of ice-cold trituration buffer. 80% glycerol was added 
to a final concentration of 15% (v/v) and the cells were dispensed into 1  ml aliquots, 
frozen on dry ice and stored until used at -70°C.
2.5.2 Transformation of competent cells
Insertion of the plasmid into the competent cells uses dimethyl sulphoxide (DMSO), which 
makes the walls of the cells permeable to DNA. The strain of E. coli used for these 
transformations was Y1090 (Sambrook et al, 1989).
Great care had to be taken with competent cells as they are easily damaged by mechanical 
stress and sharp temperature changes. 1  ml of competent cells were thawed on ice and 
gently aliquoted into 2 0 0  pi portions. 3 pi of DMSO was added to each portion of the 
competent cells and gently mixed. 10-20 ng of plasmid DNA was added and incubated 
on ice for 30 minutes. The cells were then heat shocked for exactly 1 minute at 42 °C, 
followed by cooling on ice for 1 minute. 2 ml of LB medium (see Appendix. 1) was added 
and shaken gently at 37°C for 1 hour. The cell suspension was then plated onto LB Agar 
(see Appendix 1 ) plates containing 50 pg/ml ampicillin and if blue/white screening was
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required, containing 0.5 mM IPTG and 40 pg/ml X-gal and incubated at 37°C overnight.
2.5.3 Glycerol stocks
Glycerol stocks of plasmids which needed to be kept for any length of time were prepared, 
to ensure a sufficient supply, as foliows:-
150 pi sterile glycerol was aliquoted into 1.5 ml eppendorf tubes, 850 pi of a fresh 
overnight culture added and the mixture vortexed for 3 seconds and stored at -70°C.
2.5.4 Isolation of plasmid DNA
There are various methods of isolating plasmid DNA depending upon the purity of DNA 
required. Cracking is a very crude technique and is not suitable for restriction enzyme 
digestion or any other analyses. The Qiagen columns, both maxi and mini, were used 
routinely at the start of the project with good yields and high purity DNA being produced. 
However the company producing the columns changed some of the reagents and the 
constituents of the column, which unfortunately caused a severe loss of yield and so a new 
system was required. The system subsequently used was the Promega Wizard maxi and 
mini columns, which produced excellent yields and purity. Both the Qiagen and Promega 
columns utilise an ion exchange resin on which plasmid DNA can be selectively retained 
while genomic DNA is washed off. The plasmid then is eluted in a small volume of buffer 
and is suitable for restriction enzyme digestion, sequencing and probe synthesis.
2.5.4.1 ‘Cracking’ of transformed bacteria
Cracking is a rapid and crude method of plasmid preparation which can be used for 
screening large numbers of bacteria colonies to check for the correct sized plasmid. A 
smear of the bacterial colony was placed in an eppendorf containing 50 pi of 10 mM 
EDTA. 50 pi of cracking buffer (see appendix 1) was then added. The mixture incubated 
at 65°C for 40 minutes to lyse the bacteria. 1.5 pi of 4 M KCl, 2 pi of DNA running dye
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was added to the mix followed by centrifugation at 15,000g for 3 minutes at 4°C in a 
microcentrifuge to precipitate the cell debris. The cracked clone was electrophoresed on 
a 1 % agarose gel and the plasmid sized by comparison to a suitable plasmid marker.
2.5.4.2 Mini plasmid preparation
1.4 ml of each of the clone cultures was put into an eppendorf and the cells were pelleted 
using a microcentrifuge for 15-30 seconds. The supernatant was discarded and the pellet 
resuspended in 100 pi of STET (see appendix 1). 10 pi of freshly prepared lysozyme (10 
mg/ml stored at -20 °C) was added to each tube and placed on ice for 10 minutes. The 
lids of the tubes were loosened and the tubes placed in boiling water for 90 seconds 
followed by centrifuging at 1 l,000g for 15 minutes at 4°C. The supernatant was removed 
and transferred to a clean eppendorf. Care was taken not to transfer any of the layer of 
viscous chromosomal DNA that constituted the top of the pellet. The geneclean process 
was then performed on each of the supernatants as follows:- 2 volumes of stock Nal 
solution and 5 pi of'glass milk' were added to each of the samples and incubated at room 
temperature for 5 minutes. These mixtures were then centrifiiged for 5 seconds and the 
supernatant was discarded. The white pellet was washed three times with 400 pi of new 
wash solution. The DNA was eluted twice with 10 pi sterile distilled H2 O at 55 °C for 2-5 
minutes. The supernatant was kept in the freezer until required.
2.5.4.3 Qiagen Columns
This method separates high and low molecular weight DNA by gel filtration, using pre­
packed gravity flow columns.
The mini plasmid preparation is suitable for use with 5-10 ml overnight cultures and the 
midi plasmid preparation is for use with 150 ml of overnight cultures. The volumes used 
for the mini preparation are in normal type and those used for the midi preparation are in 
bold with brackets.
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5 mis (150 ml) of an appropriate overnight culture medium was centrifuged for 10 
minutes at 1,000 g and the supernatant discarded. The pellet was then resuspended in 0.6 
ml (4 ml) of buffer PI (see appendix 1.). 0.6 ml (4 ml) of buffer P2 (see appendix 1.), 
was added and gently mixed, then incubated at room temperature for 5  minutes. 0 . 6  ml 
(4 ml) of buffer P3 was added and mixed immediately and gently, then centrifuged at 4°C 
for 15 minutes at 15,000 g. The supernatant was removed into a fresh tube and kept on 
ice until after the column equilibration stage.
A Qiagen-tip 20 (100) was equilibrated with 1 ml (3 ml) buffer QBT (see appendix 1.) 
and the supernatant from above added to the tip until the solution had completely entered 
the column. The Qiagen column was washed with 2 x 1.0 ml (5 ml) of buffer QC (see 
appendix 1.). The DNA was eluted with 0.8 ml (3 ml) of buffer QF (see appendix 1.). In 
this case the remaining solution was forced out of the tip.
Precipitation of the DNA was effected by adding 0.5 volumes of isopropanol, (previously 
equilibrated to room temperature) leaving for 30 minutes and then centrifuging for 30 
minutes at 4°C. The DNA was then washed with 20 pi (50 1^) of 70% ethanol and dried 
briefly under vacuum and redissolved in 50 pi (100 pi) of sterile distilled H2 O.
Although the Qiagen columns worked well routinely for many months, the gel that Diagen 
used for the column was changed to try and improve the system, but the results that we 
obtained thereafter were not of the same quality and quantity as had been obtained before. 
As a result it was decided to use the Promega MagicAVizard plasmid preps for future 
work.
2.5.4.4 Promega Wizard plasmid DNA purification
There were two sizes of Wizard plasmid preparation, mini which used a culture volume 
of between 1-3 ml and the maxi which used 200-500 ml culture. The volumes required 
for the maxi preparation are in bold in brackets.
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The bacteria were centrifuged at 1,000 g for 2 (10) minutes to pellet the cells. The pellets 
were then resuspended in 200 pi (15 ml) of resuspension buffer (see appendix 1.). 200 
pi (15 ml) of cell lysis buffer (see appendix 1) was then added and the tube turned upside 
down to mix the solutions, but not shear the genomic DNA. When the lysis buffer had 
cleared, 200 pi (15 ml) of neutralization buffer (see appendix 1) was added, which was 
again mixed by turning upside down. This solution was then centrifuged at 1 0 , 0 0 0  g for 
5 minutes to pellet the genomic DNA, leaving the plasmid in the supernatant to be 
decanted into a fresh eppendorf tube. For the maxi preparation only, 0.6 volumes of 
isopropanol was added, before centrifuging at 10,000 g fro a further 10 minutes. The 
pellet was resuspended in 2 ml of TE buffer (see appendix 1). 1 ml (10 ml) of the 
supplied Wizard resin was added to the supernatant and this mixture was introduced into 
the barrel of a syringe which was itself attached to the Wizard DNA purification column, 
on top of the vacuum flask. Vacuum was applied to draw the resin into the column, 2 ml 
(15 ml) of column wash buffer (see appendix 1) was then applied and allowed to pass 
through the column under the vacuum and washed again with 1 ml (5 ml) 80% ethanol. 
The column was left with vacuum applied for 1-2 minutes to dry. For the mini preparation 
the column was then transferred to an eppendorf tube, which had had the lid cut off and 
spun at 13,000 rpm for 20 seconds to remove any remaining wash buffer. The column 
was placed into a new eppendorf tube and 50 pi of sterile water applied to the top. After 
1 minute the supernatant was spun at 13,000 rpm for 20 seconds. The liquid at the 
bottom of the tube was the required plasmid solution. For the maxi preparation the 
column was placed in the 50 ml falcon tube provided in the kit and centrifuged in a 
desktop centrifuge at 2,500 rpm for 5 minutes. 1.5 ml of sterile waster heated to 65 °C 
was added to the column and, after waiting for 1  minute, the column was centrifuged 
again in a clean falcon tube for 5 minutes at 2,500 rpm.
A small change to the mini plasmid preparation was made when using the plasmid 
obtained from the kit to sequence using the ABI automatic sequencer. This included the 
addition of RNase A after the resuspension of the cells in order to destroy all RNA 
remaining in the system. Residual RNA is a major contributing factor to the unsuccessfiil 
sequencing of plasmid DNA when using an automatic sequencer.
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The concentration of the DNA can then be determined spectrophotometrically as 
described in section 2.4.2.
M  GENOMIC DNA ISOLATION AND SOTTTHERN BLOTTING
Southern blotting, first described by Southern (1975), requires purified genomic DNA 
which is cut into fragments using restriction enzymes and fi-actionated on an agarose gel 
before immobilization onto a membrane.
2.6.1 Isolation of Genomic DNA from tissues
The method used was adapted fi'om the method described by Hewish and Burgoyne 
(1973) and Spry (1991). The method has been found to be extremely useful for 
poïkilothermie animals, since the optimal temperature of their nucleases is lower than in 
other animals and this method eliminates nuclease activity early in the procedure (Spry, 
1991).
Snap fi-ozen digestive gland was crushed under liquid nitrogen in a pestle and mortar and 
mixed with 10 ml of homogenisation buffer (see appendix 1). Two volumes each of 5 ml 
of the above tissue and homogenisation buffer were then layered onto two times 5  ml of 
cushion buffer (see appendix 1), in two 15 ml polycarbonate tubes and centrifuged at 9,000 
g for 10 minutes at 4°C, to spin the nuclei through the cushion buffer. The supernatant 
was then discarded and the nuclei pooled and resuspended in 1 0  ml of isolation buffer (see 
appendix 1) plus 0.4 ml 10% SDS, 5 ml TE-saturated phenol and 5 ml 24:1 
chloroform/isoamyl alcohol. The tubes were mixed at room temperature for 1 hour. The 
resulting emulsion was centrifuged at 9,000 g for 10 minutes at room temperature and 
the upper aqueous phase removed and phenol extracted as follows: an equal volume of 
TE-saturated phenol was added and then mixed. Again the resulting emulsion was 
centrifuged at 9,000 g for 10 minutes at 10°C. The proteins and SDS separate into the 
lower phenolic phase, while the nucleic acids remain in the upper aqueous phase. The 
aqueous phase was re-phenol extracted until the interface became clear. Remaining
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phenol was removed from the aqueous phase by successive extractions with 1:1 TE- 
saturated phenol:(24:1 chloroform/isoamyl alcohol) and then 1:1 chloroform/isoamyl 
alcohol. The genomic DNA was precipitated by adding solid ammonium acetate to create 
a 2 M solution, plus 2 volumes of ice-cold ethanol. The DNA was collected on a sterile 
loop, washed with 70% and 100% ethanol followed by air-drying. The DNA was then 
redissolved in 5 ml TE (see appendix 1.), RNase A was added to 100 pg/ml and incubated 
at 37°C for 1 hour. Proteinase K was added to 200 pg/ml and incubated overnight at 
37°C. Finally the DNA was then phenol extracted, precipitated as above and redissolved 
in 1 ml TE. The concentration and purity of the DNA was determined 
spectrophotometrically, see section 2.4.2. The average size of the DNA fragments 
produced were determined by electrophoresis on a 0.7% agarose gel.
2.6.2 Restriction enzyme digestion of genomic DNA
20 pg of the genomic DNA was used for the digest with 20 pi of 40 mM spermidine, 20 
pi ofREact 3, 30 pi oiEcoRX (1.5 pi per pg of DNA) and water to make a final volume 
of 2 0 0  pi. Completeness of digestion was verified by electrophoresing a small aliquot of 
the digest on a 1 % gel.
2.6.3 Southern blotting of genomic DNA
To transfer DNA onto a membrane, it is important that it is single stranded. Therefore 
the gel on which the DNA has been run must first be denatured and then neutralised 
before being blotted onto a membrane.
The DNA containing gel was first depurinated by soaking in 0.25 M HCl, until the DNA 
running dye had turned yellow and then denatured twice for 20 minutes in Southern 
denaturing solution (see appendix 1 .) and then neutralised twice for 2 0  minutes in 
Southern neutralising solution (see appendix 1 ). The gel was then be blotted onto a 
membrane as described in section 2.4.9.
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2 J  RNA EXTRACTION AND ANALYSTS
To obtain information on gene expression in an organism it is necessary to examine the 
RNA, in particular the mRNA. This can be done in two ways:- Slot blots and Northern 
blots. Slots blots are where a known quantity of RNA is loaded onto a membrane over 
a known surface area. Northern blots analyse the RNA after it has been size fractionated 
using agarose electrophoresis (Sambrook et al, 1989).
2.7.1 Extraction of RNA from tissues
This method is based on the single step procedure of Chomczynski and Saachi (1987). 
The solution now marketed by Biogenesis, contains phenol and guanidium thiocyanate, 
(a strong inhibitor of ribonucleases and a protein dénaturant) and has been obtained under 
three different names, RNAzol B, Ultraspec RNA and RNA Stat-60.
The intact tissue was crushed under liquid nitrogen producing a fine powder. A pre­
cooled spatula was used to transfer the tissue so that a total of 50 mg of tissue was 
weighed into a sterile 15 ml polycarbonate tube containing 1 ml RNAzol solution. The 
sample was homogenised using a polytron homogeniser, starting slowly, building up speed 
gradually.
The solution was then transferred into 1.5 ml eppendorf tubes and 100 pi of chloroform 
added to each. The solution was shaken for 15 seconds and left on ice for 5 minutes. 
This solution was then centrifuged at 4°C, 14,000 rpm for 30 minutes and the upper phase 
removed to a clean sterile eppendorf. It was important not to disturb the interphase, 
because this contained unwanted protein. An equal volume of Isopropanol was added and 
the resulting solution left on ice for 45 minutes. The solution was again centrifuged at 
14,000 rpm for 15 minutes at 4°C. The supernatant was removed and 1 ml of 75% 
Ethanol (using DEPC water) was added and vortexed briefly. For a second time, the 
solution was centrifuged at 4°C, 14 OOOrpm for 8  minutes. The supernatant was removed 
and left to stand for 10 seconds, the remaining supernatant then being removed. Finally,
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25 pi of DEPC water was added to the pellet and incubated for 5 minutes at 65°C for it 
to fully dissolve.
The purity and concentration of the RNA was determined spectroscopically (see section
2.4.2) using 2 pi of the sample in 498 pi of water. The sample was scanned from 200-340 
nm. and the A260/A280 ratio was determined. The concentration can be determined from 
the following equation.
Cone. = A2 6 0  X dilution factor x concentration correction factor x OD units.
Where the OD units is 40 (pg/ml) for RNA and 50 for DNA.
20 pg of the RNA was run on a 1% agarose gel at 50-100 mA, stained with ethidium 
bromide and examined under UV light. Two bands were observed corresponding to the 
28S and 18S ribosomal bands associated with intact RNA.
2.7.2 Small Scale mRNA Isolation: PolyATract System ITT
mRNA constitutes approximately 1-2% of the total RNA. Therefore a good technique 
is required to extract mRNA from total RNA without too much loss. The quantity of 
starting material required is between 0.1-1.0 mg of total RNA, which should be dissolved 
in RNase-free water.
0.1-1.0 mg of total RNA which was made up to a final volume of 500 pi with DEPC 
water was placed in a heating block at 65 °C for 10 minutes. 3 pi of biotinylated- 
oligo(dT) probe and 13 pi of 20 x SSC was added to the RNA and allowed to equilibrate 
to room temperature.
Meanwhile the Streptavidin Paramagnetic Particles (SA-PMPs) were washed by first 
flicking the bottom of the tube to gently mix the particles, which were then recaptured by 
placing in the magnetic stand provided. The supernatant was removed, following which
0.3 ml of 0.5 X SSC was used to wash the SA-PMPs. This was repeated three times. The
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SA-PMPs were then resuspended in 0.1 ml of 0.5 x SSC.
Capture and washing of the annealed oHgo(dT)-mRNA hybrids was achieved by adding 
the annealing reaction to the washed SA-PMPs which were then incubated at room 
temperature for 10 minutes. The SA-PMPs were then captured using the magnetic rack 
and the supernatant finally removed without disturbing the particles. The particles were 
washed four times with 0.3 ml of 0.1 x SSC.
To elute the mRNA, the SA-PMP pellet was resuspended in 0.1 ml of RNase-free water 
by flicking the bottom of the tube. The SA-PMPs were captured magnetically and the 
mRNA aqueous phase removed into a RNase-free eppendorf tube. This elution step was 
repeated using 0.15 ml of RNase-free water, being captured magnetically again. The 
supernatant was pooled with the earlier elution supernatant.
The quantity of mRNA obtained was determined spectrophotometrically (see section
2.4.2).
2.7.3 Slot Blot analysis of mRNA concentrations
A 200 pi volume of solution was made up of 2.5 pg/pl RNA. 100 pi of which was taken 
for one of the dilutions, two further volumes of 50 pi and 25 pi were made up to 100 pi 
using DEPC water for each of the 1.25 pg/pl and 0.625 pg/pl dilutions respectively.
To each of the 100 pi solutions, 300 pi of 1:1 formaldehyde: 20 x SSC was added to 
make a final volume of 400 pi. Also making the 2.5 pg tRNA negative control made up 
to 100 pi of DEPC water and water control, which was just 100 pi of water.
The dilution were heated to 65°C for 15 minutes and loaded onto the slot-blot apparatus 
and washed with 400 pi 10 x SSC. The filter was removed and air-dried for 1 hour. 
Finally it was UV bonded by placing the filter on UV for 3 minutes each side. The filter 
was stored in a sealed bag with 5 x SSC until required.
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2.7.4 Northern blots
The development of the Southern blot was quickly followed by an equivalent procedure 
for the immobilization of gel-fractionated RNA (Alwine et a l, 1977). This method, based 
on the ability of single-stranded nucleic acid to anneal to its complementary sequence, is 
used for the detection of specific RNAs in agarose gels by transfer to nylon membrane and 
hybridisation with DNA probes. Either total or messenger RNA is fractionated on a 
denaturing agarose gel before it is immobilized onto a nylon membrane. This can then be 
studied by hybridization analysis with labelled DNA or RNA probes. It is necessary to 
denature the RNA to produce a good separation because RNA is able to form secondary 
structures by intramolecular base pairing. The dénaturation of the secondary structure can 
be achieved in a number of ways, examples of which are formaldehyde gels and glyoxal 
gels. The most common is the formaldehyde gel, with the comparatively minor 
inconvenience of having to use a fume hood for the procedures involving the 
formaldehyde. Glyoxal is a much safer chemical than formaldehyde, but requires buffer 
recircularizing tanks, which were not available, so the formaldehyde and a variation of this 
were used in this thesis.
Due to the ubiquitous nature of RNases, all solutions except those containing Tris, were 
treated with DEPC and autoclaved (see 2.4.1.2). Gloves were worn at all times to stop 
contamination with RNases from hands, and all gel electrophoresis equipment was wiped 
down with methanol before use.
Formamide was used in the hybridisation technique, to allow a lower hybridisation 
temperature to be used, thus minimizing RNA degradation during the incubation. It was 
important to first deionized the formamide with 1 g mixed bed ion exchange resin per 100 
ml formamide. This was to remove the degradation products, formic acid and ammonia, 
which can cause the breakdown of nucleic acids.
10 pg of RNA was incubated at 65°C for 5 minutes in the following solution:
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RNA (10 pg) made up to final volume of 6 pi 
Formamide (deionized) 12.5 pi
10 X MOPS buffer 2.5 pi
Formaldehyde (37%) 4 pi
Running dye 3 pi
The RNA was then separated according to size on a 1 - 1.5% agarose denaturing gel, 
made as follows
Agarose 1-1.5 g
10 X MOPS 10 ml
Water 73 ml
The agarose was boiled, cooled to 50°C and 17 ml 37% formaldehyde added. This was 
mixed and poured into the gel former immediately. The running buffer for the gel was 1 
X MOPS and was run at 100-150 mA.
The gel was capillary blotted overnight using 20 x SSC as described in section 2.4.9. The 
membrane was then air dried for 1 hour and UV bonded for 3 minutes each side. These 
Northern blots were stored at 4°C in 5 x SSC until probing.
2A  HYBRTDTSATÏON WITH LABELLED cDNA PROBES
The use of in the laboratory was used under strict controls of use and waste disposal. 
This section has been specifically described to make the use of a radioactive substance in 
the laboratory as safe as possible.
Many different types of reaction were tried so as to optimise the signal to noise 
background.
1. The original solution :-
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2. Rapid hyb-Amersham
3. Church and Gilbert (modified from Church and Gilbert, 1984, to contain 50% 
formamide)
The actual method of labelling the probe remained the same using either the Amersham 
Megaprime random nucleotide labelling kit, the Amersham Multiprime random nucleotide 
labelling kit, or finally the Amersham Rediprime DNA labelling kit. All these kits were 
used with dCTP obtained from ICN Flow (see section 2.2.2). Each of the methods 
mentioned above varied in the solution the filters were pre-hybridised and hybridised in, 
and the length of the various incubations, which are summarised in the table 2.4.
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Name Method
no.
Pre-hybridisation time hybridisation time
Original 1 overnight overnight
Rapid hyb 2 15 minutes 2 hours
Church & Gilbert 3 2 hours overnight
Table 2.4 Summary of the different hybridisation buffers used in this study.
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2.8.1 Pre-hybridisation
For methods 1 and 3, 50 ml of 2 x SSC (for method 2 this was water) was placed in a 
plastic tray and a piece of nylon bolting cloth immersed in the solution. The filters were 
then layered onto the bolting cloth and the bubbles rolled out with a glass rod.
The filters were rolled up within the gauze and slotted into the Hybrid oven tube. By 
rolling the tube in the appropriate direction, the filter and gauze could be unwound so that 
the bolting cloth lay against the inside of the tube.
To this tube 25 ml of pre-hybridisation buffer was added and incubated at 65 °C for 
method 2 and at 42 °C for methods 1 and 2 which contained formamide for the 
appropriate length of time (see table 2.4).
2.8.2 Probe labelling
2.8.2.1 Probe labelling using the Megaprime DNA labelling kit
DNA radiolabelling is based on the original method by Feiberg and Vogestein, (1983) in 
which short random primers are extended with DNA polymerase.
The labelling solution was prepared by boiling 25 pi (25-50 ng of probe with 22 pi sterile 
distilled water) with 5 pi primer buffer in a tube for 5 minutes, using O' ring sealed screw- 
capped eppendorf tubes. The reaction mixture was cooled on ice for 5 minutes and spun 
down. The eppendorf tubes were placed in a small perspex box. 10 pi nucleotide buffer 
was added, then behind a safety perspex screen, using a positive displacement pipette, 5 
pi dCTP^ ,^ and 2 pi Kleinow fi’agment of DNA polymerase was added, vortexed and spun 
down. This mixture was incubated at 37°C for 10 minutes, the eppendorf tubes 
transported to the water bath in a perspex box. Finally the tubes were removed from the 
water bath, spun down before opening the lids and 5 pi EDTA added to stop the reaction.
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2.5.2.2 Probe labelling using the Multiprime DNA labelling kit
50 pg of DNA to be labelled was boiled for 3 minutes, then cooled rapidly on ice. DEPC 
water was added to obtain a final volume of 23 pi, to which was added 10 pi of buffer 
containing unlabelled nucleotides (supplied in the kit) and 5 pi of random hexanucleotide 
primers. 5 pi of dCTP and 2 pi of DNA polymerase were added to the DNA solution 
and mixed gently by pipetting up and down. The mixture was incubated at 37°C for 30 
minutes. Unincorporated nucleotides were removed using the nick-columns as described 
in section 2.8.3
2.5.2.3 Probe labelling using the Rediprime DNA labelling kit
2.5-25 ng of cDNA was made up to 45 pi with sterile water and boiled for 5 minutes in 
screw-capped eppendorf tubes. The mixture was centrifuged briefly and added to one 
tube of Rediprime mix, which contained all the buffer, dNTP's and enzyme in one tube 
that can be stored at room temperature. The tube was tapped to mix the ingredients and 
the tubes placed in a perspex box behind a perspex screen to which 5 pi of ^^ P dCTP was 
added and the mixture was incubated at 37°C for 10 minutes. The reaction was stopped 
with the addition of 5 pi EDTA. Nick columns were not necessary for using with this 
method, although if there is a high background of non-specific radiation on the filters it 
may be an option. The tube was boiled for 5 minutes, then placed on ice for 5 minutes 
before centrifuging briefly. The lid could then be opened safely.
2.8.3 Probe purification using Nick Columns and hybridisation
Five 1.5 ml eppendorf tubes were labelled 1-5. For eppendorf tube no. 2, a screw capped 
eppendorf was used, these were placed in an eppendorf rack in numerical order. The nick 
columns were equilibrated by emptying the liquid from the top, followed by washing the 
top with nick column buffer (see appendix 1), finally letting 3 ml of buffer pass through 
the column. The column was clamped over tube no. 1 and the radioactive samples were 
centrifuged briefly. The reaction mixture was added to the nick column together with 400
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pi of Nick buffer (see appendix 1.) and allowed to pass through. The clamp was moved 
so that the column was above tube no. 2 and 600 pi nick buffer added. This step was 
repeated using 400 pi of Nick buffer for the three remaining tubes. All 5 tubes were 
tested with the geiger counter. Tubes 2 and 4 should be above the maximum which could 
be indicated by the counter. Tube 2 contained the labelled probes and tube 4 contained 
the unincorporated nucleotides. Tubes 1,3,4 and 5 were discarded safely whilst tube 2 
was placed into a boiling water bath for 5 minutes. The sample was centrifuged briefly, 
before opening the lid to stop aerosols. The pre-hybridisation buffer from the 
hybridisation bottles was then removed and the radioactive probe was added to it. The 
radioactive pre-hybridisation buffer was returned to the hybridisation bottle and incubated 
at the required temperature overnight.
2.8.4 Washing of membranes
The hybridisation buffer was poured off into the discard pot which contained 50% Decon. 
Any dribbles were removed with Decon with the aid of some tissues which were disposed 
of into a waste bag. 50 ml of the wash buffer was used for each of the subsequent washes. 
The composition of the wash buffer depends on the stringency of wash. The first wash 
consisted of 2 x SSC, 0.1% SDS, at room temperature for 45 minutes. This wash was 
then removed and successive washes were performed until the geiger counter would only 
pick up a signal at specific points on the filter.
It is important to note that a lower concentration of salt in the buffer and a higher 
incubation temperature leads to a higher stringency of wash.
After completing all the washes, the wash solution was poured off, the filters removed 
fi'om the bottle and placed in a solution of 5 x SSC. This helps to remove the SDS which 
can affect the background levels of radioactivity on the filter. The filters were then 
partially dried on a sheet of Whatmann 3MM paper and placed between two sheets of 
plastic in an autoradiography cassette. Film was then placed on top.
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2.8.5 Stripping off probe from membranes
In order to reprobe, stain the RNA with methylene blue, or store filters after they have 
already been hybridized, it is necessary, to completely strip off the original probe. It is 
very important not to let the filter dry out between probing and stripping otherwise it 
becomes very difficult to remove the probe.
Stripping was achieved by boiling 500 ml 0.1% SDS in a conical flask and pouring the 
solution over the filters on a shaker behind a perspex shield. This was then left for 30 
minutes and repeated a further two times. The filters then required checking with the 
geiger counter and if necessary were left in a cassette with an autoradiograph film for 1 
week to check for any remaining radioactivity. The clean filters were then be stored in 
plastic bags with 5 x SSC at 4°C.
2.8.6 Methylene blue staining of RNA on Northern hlots
This method is a minor modification to that described by Wilkinson et al. (1990). The 
nylon membrane which had been stripped of probe was immersed and agitated in a stain 
comprising 0.03% methylene blue and 0.3 M sodium acetate (pH 5.2) for 10 minutes and 
then washed with repeated changes of water until the RNA became clearly visible. The 
two ribosomal RNA bands visible when stained with methylene blue were quantitated 
using a scanning densitometer, but using the reflectance mode instead of transmission 
light, which is used for Northern blot quantitation. The stain could be removed from the 
blot by washing with 1% SDS/1 x SSPE (see appendix 1). This method of normalising 
the quantity of RNA on a Northern blot was used as it was quicker and easier than using 
hybridisation of mouse actin cDNA.
M  POLYMERASE CHAIN REACTION TPCRt
PCR, first described by Saiki et al. (1988), is the in vitro amplification of specific DNA 
sequences using Taq DNA polymerase. This enzyme is a thermostable DNA polymerase
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obtained from the bacterium Thermus aquations. Taq DNA polymerase has no proof 
reading capabilities, so mistakes may occur when sequencing the product of PCR, but this 
may only be approx. 1/1000 base changes. A new polymerase is now available from 
commercial suppliers. This is called 'Vent' polymerase and is made by New England 
Biolabs. It is produced from the bacterium Thermococcus litoralis which has been 
reported as having proof-reading activity (McPherson et a l, 1991). The PCR reaction 
consists of three steps; the annealing of primers to the specific piece of template DNA 
which may be only a single copy gene: the elongation of these oligonucleotides to make 
a copy of the original template and the dénaturation of the double stranded DNA so as to 
enable more oligonucleotides to anneal, thus making more copies of template. The 
different temperatures required for each step are achieved using a thermal cycler, which 
in this case was a hybrid thermal reactor.
The oligonucleotides used for the PCR reaction were chosen and prepared by Spry 
(1991), using the rat sequence for the CYP4A1 oligonucleotides (Eamshaw et al., 1988) 
and the trout sequence for the CYPlAl sequence (Heilmann et al 1988).
The sequences of the primer oligonucleotides used are shown below in table 2.5
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NO. CYP450 strand 5' 3'
1. CYP4A1 -ve CTTCT TGACA TACAG GTAGA T
2. CYP4A1 +ve ATGCA TTGGG AAA CA ATTTG CT
3. CYPlAl -ve GACAC ATTCC TCAAT GGC
4. CYPlAl +ve CTCAC CGATG CAGCG GCGCT T
Table 2.5 Nucleotide sequence of the oligonucleotide primers used in the PCR 
protocol (section 2.9.2).
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2.9.1 Preparation of template cDNA for PCR from mRNA IRT-PCRl
cDNA was obtained from mRNA by using the enzyme reverse transcriptase, obtained 
from a retrovirus plus the appropriate anti-sense primer.
500 ng of total RNA was made up to 6 pi with DEPC water. This was boiled for 2 
minutes then placed on ice. To this was added 1 pi of anti-sense primer. A 'master mix' 
was also made which consisted of 1 pi of 10 X RT buffer, 0.5 pi of RNase inhibitor (28 
U/pl), 1 pi 10 mM dNTP's and 0.5 pi RAV2 or AMV reverse transcriptase. This master 
mix was added to the RNA whilst on ice, mixed and again incubated at 42°C for 2 hours 
and then placed on ice. This was subsequently used as the template for the PCR protocol.
2.9.2 PCR protocol
Two sets of reaction mixtures were used in this technique. Initially, mixture 1. was used, 
which was the same as that used by Spry (1991) but after lengthy investigation into the 
technique, mixture 2 was used as the quantities of ingredients were optimized for the 
reaction, although in both cases the volume concentration of DNA remained the same 
which was either 5 pi of the cDNA made using the protocol in section 2.9.1 or 1 pi 
genomic DNA (1.6pg/pl) made as protocol in section 2.6.1.
Mixture 1 consisted of the following which were added to the DNA solution. 5 pi of 10 
X buffer (see appendix 1), 8 pi dNTP mix (final concentration 200 pM), 5 pi each of 
positive and negative primers, 2.5 U (0.5 pi) Taq DNA polymerase and was made up to 
50 pi with DEPC water. This mixture was overlayed with 50 pi of mineral oil, to stop 
evaporation. Thermal cycling conditions were varied and details are given in the relevant 
section. At completion of the thermal cycling the 50 pi of mineral oil was removed using 
100 pi of chloroform, leaving the aqueous phase from which the PCR products were to 
be removed.
Mixture 2 consisted of 1 pi of each of the primers, 5 pi of the 10 X Taq buffer which was
87
supplied with the Promega Taq, 5 pi of 10 mM dNTP's, finally made up to 50 pi with 
DEPC water and 50 pi of mineral oil overlayed on top, again to stop evaporation. After 
the initial incubation of 5 minutes at 92°C, 2.5 U of Taq DNA polymerase were added. 
This prevented the polymerase from being exposed to high temperature unnecessarily. 
Again the thermal cycling conditions varied and details are given in the relevant section. 
For this mixture the mineral oil was not removed with chloroform, but by just removing 
the reaction mixture from beneath the organic layer using a pipette.
In both cases 20 pi of the PCR reaction mixture was run on a 4% agarose gel consisting 
of 3:1 NuSieve GTG agarose (LMP): agarose. The NuSieve agarose was used to resolve 
nucleic acid fragments of less than 1000 base pairs.
2.9.3 Ligation of PCR product into vector DNA
Two procedures for this were tried. Originally the first method was used (section 
2.9.3.1), but with limited success. The second method (section 2.9.3.2) was found to 
have a very high success rate, with ease of use as well. Therefore the second procedure 
was the one routinely used.
2.9.3.1 Ligation into pUC18
The fragment from the PCR was first removed from the gel, genecleaned (section 2.4.7.1), 
then redissolved in 20 pi of water. The fragment was blunt ended by the addition of 3 pi 
of 10 X NT buffer (see appendix 1), 4 pi of 2 mM dNTPs and 5 pi of DNA polymerase 
Kleinow fragment (5 U). The reaction was incubated at room temperature for 45 minutes. 
The blunt ended fragment had phosphate added to the ends using T4 polynucleotide 
kinase in the following mixture: 4 pi of 10 x kinase buffer, 5 pi 20 mM DTT, 1 pi 100 
mM ATP, 2 pi of T4 polynucleotide kinase. The blunt ending reaction was made up with 
water to a final volume of 50 pi. This was incubated at 37°C for 70 minutes and the DNA 
fragment then genecleaned as in section 2.3.7.1. Ligation of the fragment was performed 
by the addition of 1 pllOx ligase buffer (as supplied by Promega), 1 pi T4 DNA ligase
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and 100 ng of Sma 1 cut pUC18 treated with calf intestinal phosphatase (CIP). This 
ligation mix was incubated at 22°C for 16 hours.
The ligated plasmid was then used to transform competent E. coli TBl cells, which were 
then plated out on X-gal plates, finally incubated at 37°C overnight. Selection of 
recombinant clones was by blue/white screening. White colonies with insertional 
inactivation of the lacZ gene were replated onto X-gal plates, incubated at 37°C overnight 
and cracked (section 2.5.4.1) to size the plasmid they contained.
2.9.3.2 Ligation of cDNA into the TA vector, PCR II
This reaction protocol and ingredients were part of the TA vector kit, which also 
consisted of the transformation protocol and competent cells.
Ligation of the PCR products into the TA vector was performed frequently, using 
fragments of DNA isolated from agarose gels.
This technique makes use of a phenomenon of the Taq DNA polymerase which adds a 
non-templated dATP onto the 3' terminal end of the PCR product. This is complemented 
by the TA vector having a single 5' dTTP as an overhang at the insertion sites of the 
plasmid. This provides a quick single-step procedure, without the need for Kleinow or 
T4 polymerase treatment of the PCR product. The PCR product may also be ligated 
directly from the PCR reaction mixture, although if there is more than one product, or 
even a slight amount of non-specific annealing of the primers, a considerable amount of 
screening may be required to find the correct insert.
The TA cloning vector is first resuspended fi'om its lyophilized form in 8.8 pi of TE buffer 
(see appendix 1) to produce a final concentration of 25ng/pl. Ligation was performed by 
adding 6 pi sterile water, 1 pllO x ligation buffer (as supplied by the kit), 1 pi PCR vector 
(25 ng/pl), 2 pi of PCR product (approximately 12.5 ng) and 1 pi T4 DNA Ligase. This 
mixture being incubated overnight at 12°C. The recombinant plasmids can be detected
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after transformation using blue/white screening procedure, as the plasmid contains the 
LacZ gene.
2.9.3.S Transformation of TA vector competent cells
This method for transformation of competent cells with the TA vector was performed 
when using the TA vector kit. Considerable care was taken when handling competent 
cells, as they are sensitive to temperature changes and mechanical stress. The competent 
cells (INVaF') were thawed on ice.
To each vial of 50 pi of competent cells was added 2 pi of 0.5 M P-mercaptoethanol and 
1 pi of TA cloning ligation reaction and mixed by tapping the vials gently. This mixture 
was incubated on ice for 30 minutes followed by incubation for exactly 60 seconds in a 
42 °C water bath. These cells were placed on ice for 2 minutes. 450 pi of pre-warmed 
SOC medium was added to the cells and incubated at 37°C for 1 hour in a gyratory 
shaker-incubator, set to 225 rpm.
The cells were then plated out onto agar plates containing 50 pg/ml ampicillin and 25 pi 
of 40 mg/ml X-gal, (40 mg of X-gal to 2 ml of DMF). The plates were inverted and left 
to incubate overnight at 37°C.
The X-gal is metabolised by P-galactosidase, most of which is coded for by the host cell, 
but also requires the lac a-peptide which is coded for on the plasmid by the lacZ gene. 
The lacZ gene is interrupted by the multiple cloning site, and so therefore, can select for 
recombinant plasmids. Colonies of bacteria which show up blue in colour do not contain 
an insert as the P-galactosidase enzyme is functioning and in those that are white, the lacZ 
gene is interrupted by the ligated PCR product and therefore no p-galactosidase is formed. 
The white colonies were therefore picked for further investigation, although if using a very 
small PCR product, the pale blue colonies may also contain plasmid, as the lacZ gene may 
be interrupted with an insert in the same reading frame and therefore the lacZ gene
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remains functional.
2.10 SEOTJENCTNG OF DNA
The template used for the sequencing procedure is single stranded DNA. This enzymatic 
method of sequencing is based on the ability of a DNA polymerase to extend a primer, 
hybridized to the template that is to be sequenced, until a chain-terminating nucleotide 
is incorporated (Sanger et al., 1977). Each sequence determination is carried out as a set 
of four separate reactions, each of which contains all four normal deoxyribonucleoside 
triphosphates (dNTP), but with dATP being radioactive. This nucleotide mixture is also 
supplemented with a limiting amount of a different dideoxyribonucleoside triphosphate 
(ddNTP). Because the ddNTP lacks the necessary 3'-OH group required for chain 
elongation, the growing oligonucleotide is terminated selectively at a G, A, T, or C, 
depending on the respective dideoxy analog in the reaction. The relative concentrations 
of each of the dNTPs and ddNTPs can be adjusted to give different lengths of bases. The 
fragments can then be separated according to size by high-resolution denaturing gel 
electrophoresis. For more information see Amersham Life Science Sequenase Version 2.0 
DNA sequencing kit manual. 8“^ edition.
2.10.1 Manual sequencing using ^^S-dATP
Manual sequencing using a modification of the dideoxy sequencing strategy of Sanger et 
al. (1977) as described by Chen and Seeburg (1985), was employed before the automatic 
sequencing became available in the department. It was also used if the automatic 
sequencing did not work to the required standard due to contamination of the plasmid 
with RNA. Manual sequencing is not so prone to contaminants.
2.10.1.1 Preparation of Sequencing gels
Glass plates 1/4" thick (a pair of glass plates should have one plate 33 x 38 cm and one 
plate 33 X 40 cm) were taped together, separated with 0.4 mm polycarbonate spacers
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along the sides of the plates. The plates were siliconized on their inside faces and cleaned 
thoroughly with both acetone and ethanol before use. Clips were placed over the tape 
down both sides and along the bottom of the plates, to hold the plates tightly together.
A 6% polyacrylamide gel was prepared,
60 ml Sequagel-6
15 ml Sequagel-6 buffer reagent.
To this solution was added 420 pi of freshly prepared 10% ammonium persulphate (w/v).
The 'glass plate sandwich' was held at a 45° angle with the 33 x 38 cm plate uppermost. 
The gel was then gently poured between the plates using a plastic 50 cc syringe, starting 
at one side and slowly moving the gel to a horizontal position. Care was taken not to 
introduce any air bubbles into the system. The straight edge of a shark tooth comb could 
then be inserted into the top of the gel to a depth of approx. 0.5 cm. The gel polymerised 
after approx. 15 minutes and was placed at 4°C until the gel was required, using cling film 
around the exposed area of the gel to prevent drying out. The gels were usually poured 
the day before use, to ensure that the gels were fresh.
2.10.1.2 Preparation of single stranded DNA
Single stranded DNA is required for the sequencing procedure.
3-5 pg of clean plasmid was diluted to 16 pi with sterile distilled H2 O. 2 pi of 2 M NaOH 
and 2 pi of EDTA (2 mM) were added and left at 37°C for 5 minutes. This was 
neutralized by adding 2 pi of 2 M NH^OAc (pH 4.6). 60 pi of 100% ethanol (at -20°C) 
was added on ice and left at -70 °C for 15 minutes to precipitate the DNA. The DNA was 
pelleted in a microcentrifuge for 20 minutes at 4°C. The pellet was washed with 70% 
ethanol (-20°C) and spun for 5 minutes at 4°C. The supernatant was discarded and the 
pellet was dried under vacuum and resuspended in 7 pi of sterile distilled H2 O.
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2.10.1.3 Annealing of primer
The primer anneals to a single stranded template in order to provide a start point for the 
polymerase enzyme.
To the 7 pi of single stranded DNA, 2 pi of sequencing buffer and 1 pi of primer (0.5 
pmol) was added. The mix was heated to 65 °C for 4 minutes and slowly cooled to 37°C
2.10.1.4 Extension reactions
The primer was extended using limiting concentrations of deoxynucleotide triphosphates 
and radioactive dATP.
DTT 0.1 M 1 pi
Diluted labelling mix (dG) 2 pi
Template primer (SP6 and T7) 1 pi
cc^'SdATP(15pCi) 0.5 pi
2 pi of dilute sequenase enzyme was added last.
(Diluted labelling mix = 5 pi label mix and 20 pi sdH20)
(Diluted sequenase enzyme = 3 pi enzyme and 21 pi of enzyme buffer)
The mix was left at room temperature for 5 minutes.
2.10.1.5 Termination of synthesis
To each empty labelled tube, 2.5 pi of dideoxy G/A/T/C TP was added. The tubes were 
prewarmed at 37°C for at least 1 minute.
When the labelling reaction was complete, 3-5 pi of the labelling reaction was removed 
and transferred to the A/T/C/G containing tubes and returned to the 37°C water bath for
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3-5 minutes.
4 pi of the stop solution was then added and the resulting solutions could be left at -20 °C 
for up to 1 week.
2.10.1.6 Electrophoresis of the sequencing products
The tape at the bottom of the gel was removed to a length of 4 cm and the gel was clipped 
vertically to the gel tank. Both of the gel tank reservoirs were filled with 1 x TBE (see 
appendix 1) so that both ends of the gel were covered completely. The comb was removed 
carefully and then reinserted with the teeth inserted into the gel to a depth of 1 mm. The 
lanes created by the teeth of the comb were flushed with the running buffer. An aluminium 
heat sink was clamped to the back of the gel sandwich, which facilitated the even 
distribution of heat across the gel.
The gels were pre-run for 1 hour prior to loading with the samples, at constant power of 
50 watts, voltage varying between 1,500 and 2,000 volts.
3 pi of each of the samples were then loaded, after again flushing the wells with running 
buffer, using a positive displacement pipette. The gels were run for the time required.
2.10.1.7 Fixing and processing the gel
When the gel had completed running, it was removed fi'om the tank. The tape and spacers 
were then removed. The plates were very carefully separated, ensuring that the gel 
remained on one of the plates (The plate on which the gel remaining was noted, for when 
reading the autoradiograph).
The gel was placed in 10% methanol/ 10% acetic acid for 20 minutes and then water for 
20 minutes to leach out the urea from the gel, which would interfere with the 
autoradiography if left in the gel. The plate and gel were then removed and a sheet of
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damp Watmann 3MM filter paper was placed on top of the gel. Two sheets of dry filter 
paper were placed on top of the damp one. The paper was pressed down firmly and then 
peeled away removing the gel from the glass plate.
The gel was then dried in a slab dryer (Model 413 slab drier, Biorad) at 80°C for about 
40 minutes. When dry the gel was placed in a film cassette and a piece of X-ray film 
placed on top of the gel for usually around 2 days. The film was then developed in an 
automatic developer.
2.10.2 Automated sequencing
Automated sequencing was performed using the Applied Biosystems automatic sequencer 
model 373A, Version 1.2.1. Instead of radioactivity, four coloured fluorescent dyes are 
used to differentiate between the A, C, T and G nucleotides. The four separate reactions 
are again run on an acrylamide gel, but as they travel down the gel and separate into the 
bands, a laser detects the colours and analyses them using a computer to determine the 
sequence of nucleotides. The primer and DNA concentrations which are required for the 
reaction were in a total volume of 10 pi and were as follows: double stranded DNA 
template was in the range of 0.2-0.25 pg, optimal at 0.25 pg. Therefore 2.5 pg in the 10 
pi is used. The double stranded primer concentration was between 0.5 - 1.2 pmol, 
optimal at 0.8 pmol, which worked out to be for the T7 (20 mer) and the SP6 (19 mer) 
primers, 2 pi in the 10 pi of DNA/primer mix. The sequencing reaction was performed 
by a technician associated with the ABI machine.
2.11 SCREENING OF THE GENOMIC DNA LIBRARY
The genomic library produced by Spry (1991) in A EMBL3, was reported to have a titre 
of 1 X 10^  pfu/pg and a probability of having less than 40% of the total genome contained 
within it.
The phage library was initially diluted when added to the bacterial culture but the titre was
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so low it was found better not to dilute the library at all and it was used as a final 
concentration.
A 10 ml overnight culture was made with P2392 bacterial strain and LB media (see 
appendix 1). To this culture 1 M MgSO^ was added to give a final concentration of 10 
mM. To 1.5 ml of this culture in a 50 ml falcon tube, 100 pi of phage were added and 
incubated for 15 to 20 minutes at 37°C. Agar plates (large 10 cm round) were placed in 
the 37°C oven with the lid slightly ajar for approximately 30 minutes to remove any 
condensation and to bring the temperature of the plates up to 37°C. 20 ml of previously 
melted top agarose (0.7% agarose in LB) incubated at 48 °C was added to the 
phage/bacterial stock and poured on to the dried LB agar plates, avoiding bubbles. The 
plates were incubated overnight at 37°C or until the plaques were approximately 2 mm 
across.
To detect any plaques containing the required insert, a copy of the plaques was transferred 
to a nylon membrane, which was then hybridised with the probe of interest. This was done 
by taking the plates from the oven at 37°C and placing them at 4°C for 1 hour to allow 
the agar to solidify. The filters were then cut to the correct size and labelled with pencil. 
Three shallow containers were placed in sequence, containing denaturing solution, 
neutralising solution and finally 3 x SSC. The plates were then removed from the 4°C and 
the lid removed. The filter was centralised over the agarose and placed on. If the filter 
was not placed correctly first time, no attempt was made to move it, as the phage had 
begun transferring as soon as the filter was in contact with the phage. Asymmetrical holes 
were made in the filter and the agarose with a large gauge needle. After 2 minutes the 
filter was smoothly removed and placed colony side up on the surface of the denaturing 
solution, left for 30 seconds before immersing completely for 60 seconds. Following this 
the filter was immersed in neutralising solution for 5 minutes and rinsed in 3 x SSC before 
drying on blotting paper, colony side up. Replicate filters were made in the same way, 
making identical asymmetrical marks on the filter guided by the holes in the agarose. The 
DNA was fixed onto the membrane by placing at 80°C for 10 minutes and finally UV 
bonded for 3 minutes. The filters could then be hybridised as in section 2.8 and any
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plaques of interest extracted from the plate by removing a plug of agarose in the region 
of the positive signal, using the wide end of a sterile pasteur pipette. The plug was placed 
in 1 ml of SM buffer (see appendix 1 ) containing 1 drop of chloroform and left overnight 
at 4°C enabling the phage to diffuse from the agar. The phage from this stock were then 
replated at a lower density, re-screened and any positive plaques extracted. Further 
purification was achieved by repeated rounds of replating and re-screening.
2A2 FLUOROMETRIC BENZOFalPYRENE HYDROXYTASE ANAT.YSTS OF 
CYPIA ACTIVITY
2.12.1 Preparation of microsomal fraction
Microsomal fraction of digestive glands were prepared as described in Livingstone and 
Farrar (1984). Microsomal yields were in the region of 4 to 8 mg protein /g wet weight 
tissue.
Approx. 80 digestive glands were removed ïxom Mytilus edulis and the crystalline style 
removed, and were placed in liquid nitrogen, as quickly as possible. 20 digestive glands 
weighed approximately 8 g. 4 x 20 pools of digestive gland were homogenized in 26 ml 
10 mM Tris-HCl pH 7.6 (4°C) containing 0.5 M sucrose and 0.15 M KCl. These was 
centrifuged at 500 g for 15 minutes and the pellets were discarded and then centrifiiged 
at 12,000g for 90 minutes and again the pellet was discarded. The supernatant was then 
centrifuged at 100,000 g for 90 minutes. The pellet was resuspended in 4.2 ml of 10 mM 
Tris-HCl pH 7.6 containing 20% w/v glycerol. Microsomal protein was measured by the 
method of Lowry et al. (1951), (see section 2.12.2).
2.12.2 Lowry protein assay
Modification of Lowry et al. (1951). Constituents of the buffers are given in Appendix
1. Blanks used for this assay were water and buffer. The samples were performed in 
duplicate and a set of standards were prepared, so a standard curve could be used in the
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determination of the protein content.
The following were pipetted in duplicate tubes (disposable plastic),
1. water blank - 250 pi water
2. buffer blank - 250 pi of sample buffer diluted as for sample
3. samples - 250 pi of sample (diluted 1:50 with water)
4. standards - 250 pi of each standard in separate tubes. (10 ml
of a 1 mg/ml solution of bovine serum albumin 
(fraction V) was made and diluted to give a 
concentration range of 0.4,0.2,0.1,0.06,0.04,0.02 
and 0.01 mg/ml)
230 pi of solution A was added to each tube, vortexed and heated to 50°C for 10 minutes. 
A 1:1 dilution was made with water of solution B and 50 pi was added to each tube, and 
left for 10 minutes at room temperature. 750 pi of solution C was added to each tube and 
heated at 50°C for 10 minutes. The absorbance of each tube was measured at 650 nm 
using 1 ml semi-micro cuvettes.
2.12.3 Benzo[a]pyrene hydroxylase assay
B[a]P hydroxylase activity was assayed fluorometrically at 25°C by the method of Dehnen 
et al. (1973). This method measures predominantly phenol metabolites of 
benzo[a]pyrene.
Test tubes were gently shaken containing, in a final volume of 1 ml 50 mM 
triethanolamine-HCL pH 7.25 buffer, 0.2 mM NADPH and approximately 1 mg of 
microsomal protein. The reaction was initiated by the addition of benzo [a] pyrene in DMF 
(60 pM final concentration) and stopped by the addition of 1 ml of ice-cold acetone. The 
tubes were centrifuged (300 g for 10 minutes) and an aliquot of the supernatant mixed 
with 2.3 times its volume of 8% triethylamine and centrifuged as before. The fluorescence 
of the resulting supernatant was measured using an excitation wavelength of 466 nm and
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an emission wavelength of 525 nm. The results are described in terms of arbitrary units 
of fluorescence produced over unit time. The reaction was stopped after 0  and 1 0  
minutes, duplicate tubes were run.
A radiometric assay for B[a]P metabolites was used in the seasonal study carried out by 
the PML Molecular Toxicology group (Livingstone et al.) This uses ^H-B[a]P in the 
reaction as above, the metabolites are extracted under argon with ethyl acetate and 
butylated hydroxytoluene. The extracted metabolites areanalysed by HPLC and 
quantified using anthraquinone as an internal standard. For full details of this experimental 
procedure see Lemaire et al. (1993).
ECOD activity, total P450 and '418-peak, measurements were also performed by the PML 
Molecular toxicology group in Plymouth, led by Dr. Livingstone, according to the 
protocols described in the following journals: ECOD activity (Livingstone et a l, 1989a), 
total CYP450 and '418-peak' quantitated from the carbon monoxide difference spectrum 
of sodium dithionite treated samples using an extinction coefficient of 91 mM'^cm'  ^
(Livingstone, 1988) and Western blotting using SDS-PAGE gel electrophoresis and using 
the anti-P4501Al antibody from P. fluviatilis (Livingstone et a l, 1995; Porte et al, 
1995).
2JL3 STATISTICAL ANALYSIS OF DATA
The difference between two means was tested using the t-distribution, according to the 
following equation:
t = ((Ml - M2) / SQRT ((SEMI x SEMI) + (SEM2 x SEM2)))
where Ml = mean of population 1
M2 = mean of population 2 
SQRT = square root
SEMI = standard error of mean of population 1
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SEM2 = standard error of mean of population 2
If the result of this test is within the critical region of the tables supplied for the t- 
distribution, taking into account the degrees of freedom for each of the samples, then the 
means are thought of as statistically different from each other.
The correlation between two sets of data was calculated using regression analysis of the 
means from each set of samples.
r =
where x = means from sample set 1  
y = means from sample set 2  
n = number of means in a sample set.
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CHAPTERS
CONSTITUTIVE EXPRESSION OF CYP450 IN DTGESTTVE GLAND
Mytilus edulis
3.1 INTRODUCTION
Investigation into the MFO system inM  edulis has been mainly confined to the study of 
enzyme components and activities (for review see Livingstone, 1991b). These studies 
provided evidence for the possibility that a number of CYP450 isozymes are expressed 
by this species. Molecular studies supported these findings and provided some indication 
of the identity of the gene forms, e.g. mammalian CLP450 nucleic acid probes were used 
to hybridise to RNA and DNA obtained fi'om the digestive gland of M  edulis (Spry et ah, 
1989; Spry, 1991). The cDNA probes used for this study were CTP4A1 and CTP2E1, 
of which only CTP4A1 hybridised to the mollusc RNA under moderately stringent 
condition.
In order to further investigate the different CTP450 genes and isozymes which may be 
present in M. edulis, cross-species hybridisation was employed to detect members of 
other mammalian CYP450 families. The gene forms of C7P450 which were investigated, 
namely C7P1A, CYP3A, CYP4A and C7P11A, were chosen due to their ancient 
evolutionary status according to the phylogenetic trees produced by various authors 
(Gonzalez and Nebert, 1990; Degtyarenko and Archakov, 1993), and therefore likely to 
be present in molluscs..
The C7P1A gene was chosen in particular because induction of mRNA expression may 
be a potential biomarker for PAHs, PCBs and other organic pollutants (Livingstone,
1993). Although an extensive study failed to detect the Ah receptor protein (which
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mediates the modulation of the C7P1A gene in mammalian systems) in a range of marine 
invertebrates, including M  edulis (Hahn et al., 1994).
The CYP2 family was also investigated in M. edulis by Spry et al. (1989). Those 
investigations provided no evidence for the presence of CYPl genes. Therefore this 
family was not investigated further, although there may still be a possibility that they are 
present in M  edulis, as indicated by recent immuno-recognition studies on partially 
purified CYP450 from digestive gland which gave a positive result for Western blotting 
using polyclonal antibodies raised against rabbit hepatic CYP2B1 and CYP2E1 (Peters 
and Livingstone, 1995). Several CYP2 forms have been indicated in aquatic organisms 
(Stegeman and Hahn, 1994), including C7P2L in the lobster which was recently 
1 sequenced by Boyle and James (1995), CYP2K and CYP2M in fish sequenced by Buhler 
etal. (1993) and Oleksiak and Stegeman (1995).
The tissue used for the studies of this chapter was the digestive gland of M  edulis from 
which the DNA and RNA were extracted for use in the Southern and Northern blot 
analysis, respectively. The digestive gland is the major tissue localisation of CYP450 in 
M  edulis (Livingstone et a l, 1989a). The use of the Southern blot procedure withM 
edulis genomic DNA enables the presence of specific genes to be detected even if they are 
not expressed. Northern blots were performed using M  edulis total RNA in order to 
determine whether the C7P450 genes being investigated are expressed in the digestive 
gland.
A study of the seasonal changes in the putative CYP450 mRNA expression was also 
carried out. This was performed for a number of reasons, a) to examine the seasonal 
variability (constitutive expression and existence of endogenous regulation) of gene 
expression, b) compare the variability for different probes to obtain further evidence of 
their individual specificity (i.e. to demonstrate that the probes are measuring different 
C7P450 genes), c) to compare mRNA and MFO activities seasonal variability to obtain 
incite into the catalytic properties of the protein products of the genes, d) to establish the
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seasonal patterns of variation of CYPIA in relation to induction experiments and possible 
use as a biomarker. The seasonal cycle has to a certain extent been characterised for M  
edulis in relation to enzyme activities including CYP450 and the MFO system, metabolite 
levels and macromolecule levels (lipid, protein, carbohydrate) which have been shown to 
be linked to the pattern of build-up of food reserves in the autumn to be used for energy 
and gamete synthesis in the winter, followed by spawning in the spring (Livingstone et al., 
1989a; Viarengo et al., 1991; Kirchin et al., 1992)
3.2. RESULTS
3.2.1 Isolation and preparation of cDNA probes coding for vertebrate 
CYP450 isozymes
Gene probes for the relevant C7P450 genes (see section 2.2.6) were prepared as cloned 
cDNAfragments from their plasmid vectors as described in section 2.5.4 (see figure 3.1 
for example). Insert bands were removed from the gel and eluted as described is section 
2.4.7. An example of this is shown in figure 3.2.
In the case of the C7P1A1 probe from O. mykiss, the initial hybridisation to the Northern 
blots was performed with the entire probe, but later Cla\ rather than Pst\ was used to cut 
the probe from the plasmid (see section 2.4.3). This had the effect of removing over half 
of the 3 ' non-coding region from the probe in order to maximise probe homology in the 
cross-species hybridisation. The 3' non-coding region of the O. mykiss cDNA probe is 
reported as not being conserved between O. mykiss and P. platessa (Pirrit et al., 1995), 
so consequently is not likely to be conserved between M  edulis and O. mykiss. Although 
the best solution would have been to remove all of this non-coding region, the Cla\ site 
was the nearest to the end of the coding region (see figure 3.3).
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Figure 3.1 Example of probe preparation, in this case large scale digest of the 
CEPlAl probe. The plasmid was digested with the restriction 
endonucleases EcoRl and Pst 1 and subsequently electrophoresed on a 
1% agarose gel, yielding the cDNA insert, in this case 1.4 kb.
Lane 1. DNA markers, A Hind III and 0x174 Hae III.
Lane 2. Digest yielding a plasmid DNA fragment of
approx. 2.7 kb and the cDNA CTPlAl insert of 
approx. 1.4 kb.
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Figure. 3.2 An example of the different stages of probe preparation, in this case the 
probe was CYP\ lAl. The restriction digest, original plasmid and purified 
probe were electrophoresed on a 1 % agarose gel.
Lane 1 + 4. 
Lane 2. 
Lane 3.
CYP\ 1A purified cDNA probe from human. 
Plasmid containing CYP\ 1A insert.
Plasmid digested with EcoRl yielding plasmid 
band and insert band.
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Figure 3.3 Cla I restriction endonuclease was used to remove a portion of the non­
coding region from the 3' terminal end of the Heilmann et al. (1988) O. 
myJdss CZPl A1 clone pfPi450. There was however 170 bp of non-coding 
region remaining.
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M  DETECTION OF DIFFERENT CYP450 GENES IN THE GENOME OF M  
edulis
3.3.1 Purification of DNA from M  edulis digestive gland
This work was performed with the kind help of Mr. Christopher Herring, a final year 
undergraduate project student.
Genomic DNA was isolated fromM edulis digestive gland as described in section 2.6.1 
resulting in a total yield of 1. 6  pg DNA/mg wet weight tissue. The spectrophotométric 
scan from 200 - 300 nm revealed a smooth curve, indicating no contamination by salt or 
protein. On electrophoresis, the DNA was found to be of a size greater than 30 kbp, 
which is consistent with non-degraded genomic DNA (Sambrook et ah, 1989). Female 
rat liver and human liver genomic DNA, which were to be used as a controls, were 
available within the laboratoiy and were of a similar purity and size to that obtained from 
M  edulis digestive gland.
3.3.2 Southern blots of digested M  edulis genomic DNA
An aliquot of the DNA was taken and digested with EcoRl at 37 °C for 2 days to allow 
complete digestion. 20 pg of the digested DNA was electrophoresed on a 0.7% agarose 
gel with the current at 50 mA. This reduced current was used in order to aid separation 
of the DNA fragments. Following visualisation of the DNA with ethidium bromide and 
UV light, the DNA was seen to produce a smear characteristic of uniformly digested DNA 
(figure 3.4).
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Figure 3.4 Genomic DNA, digested with the restriction endonuclease EcoRl, was run 
on a 0.7% agarose gel prior to blotting onto a nylon membrane in the 
Southern blot procedure.
20 \ig EcoRl digested M  edulis gQnomxc 
DNA.
X/Hind III DNA marker.
20 \i% EcoRl digested Rat genomic DNA.
Lane 1, 2, 9 and 10.
Lane 3 and 8.
Lane 4 and 7.
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A total of four Southern blots were produced by running 20 pg of M  edulis and 
control digested genomic DNAs on each gel. These were blotted onto nylon 
membrane and hybridised with the cDNA probes for CTPIA (trout), CYP3A 
(human), CTP4A (rat) and CZPl 1 (rat).
As described in the introduction to this chapter, Spry (1991) performed an 
experiment similar to this using genomic DNA dot-blots probed with rat CTP4A1. 
The filter washing conditions used for his dot blot were 1 x SSC at 37°C, which 
is lower stringency than the conditions used for the Northern or slot blots that 
were also performed by Dr. Spry. This was due to the fact that the thermal 
stability of the DNA-DNA hybrid is much lower than that of the DNA-RNA 
hybrid formed in Northern blots. This causes the melting temperature of the 
DNA-DNA hybrids to be typically 10-15°C lower than the DNA-RNA hybrids 
(Keller and Manak, 1989). This was taken into consideration when performing 
Southern blots in the study of this chapter.
The Southern blot using EcoRl digested M  edulis genomic DNA hybridised to 
the O. mykiss CYPIA cDNA probe was performed several times but with no 
success. The control used for this blot was EcoRl digested rat genomic DNA. 
The Southern blot was then attempted using the restriction enzyme Hindlll and 
was washed at very low stringency (5 x SSC, 0 .1 % SDS, room temperature for 
30 minutes; 1 x SSC, 0.1% SDS at 30°C for 30 minutes) and was 
autoradiographed for 2 weeks at -70 °C with an intensifying screen. This 
produced a band at around 9 kb, but it was barely visible to the eye and would not 
show up on a photograph, so may have been an artefact of the autoradiography 
(data not shown). To obtain significant results a repeat study was necessary, but 
unfortunately it was not possible before the end of this project.
The Southern blot hybridised to CYP3A was washed at 2 X SSC, 0.1% SDS at 
room temperature for 30 minutes, then washed at 1 X SSC, 0.1% SDS at 30°C
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for 30 minutes and finally washed in 5 x SSC before it was autoradiographed for 
initially 24 hours. The control used for this Southern blot was EcoRl digested 
human genomic DNA. The autoradiograph clearly revealed two labelled bands, 
one faint at approximately 7.3 kb and a strong one at approximately 4.5 kb (figure 
3.5).
Southern blots using EcoRl digested M  edulis genomic DNA and hybridised to 
the CTP4A probe did not reveal labelled bands (data not shown). The experiment 
was also attempted using genomic DNA cut with Pstl and Hindlll, but no band 
was visible, even after extended periods of autoradiography. In this case rat 
genomic DNA was used as a control.
The blots hybridised with the CYP\ 1A probe produced a single clear sharp band. 
The band, which was approximately 13 kb in size, was detected after washing the 
filter at 2 X SSC, 0.1% SDS, at room temperature for 30 minutes, then, 1  x SSC, 
0.1% SDS, at 30°C for 30 minutes and finally 0.5 x SSC, 0.1% SDS at 30°C for 
30 minutes. The filter was washed in 5 x SSC before being exposed to X-ray film. 
Initially a period of 24 hours was used to autoradiograph the film, but 
subsequently a 1 hour exposure was determined to be sufficient (figure 3.5).
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Blot A; CYP3A Blot B: CYPl 1 A
Figure 3.5 Autoradiographs of the Southern blots of M  edulis genomic 
DNA, hybridised with the CYP3AX and C7P11A1 mammalian 
probes.
Blot A. Lane 1. 20 pg of M  edulis genomic DNA
cut With EcoRl.
Blot B. Lane 1. 20 pg of M. edulis genomic DNA
cut with EcoRl.
I l l
In all the experiments the control rat or human genomic DNA digests gave a 
smear of blackening on the autoradiograph, rather than a sharp band or set of 
bands. This was probably due to non-specific hybridisation of the probe to the 
sequences in the control DNA and lack of removal due to the low stringency of 
the washes. Such non-specific hybridisation was not seen in the cross-species 
interaction with the M  edulis DNA.
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M  EXPRESSION OF CYP450 GENES TN M  edulis
3.4.1 RNA Extraction from M  edulis digestive gland tissue
The ability to isolate clean and intact total RNA is essential when studying gene 
expression in tissue. There are many different methods available to prepare intact 
RNA, most of which work very well in mammalian systems. When removing the 
digestive gland from M  edulis it is important to snap freeze the tissue as soon as 
possible, so that enzymic activity does not start to damage the cells and hence the 
RNA.
Spry (1991) used a number of methods for extracting RNA from M  edulis 
digestive gland including the methods of Chirgwin et al. (1979), Cathala et al. 
(1983) and Chomczinski and Saachi (1987), but was unable to produce fully intact 
RNA from the digestive gland or other organs within M  edulis. The 18S 
ribosomal RNA band was consistently seen but the 28 S ribosomal RNA band was 
never observed. This was thought to be due to the fact that M  edulis tissue is still 
enzymatically active at the low temperatures at which the procedures are 
performed (Spry, 1991).
The Chomczinski and Saachi method used by Spry (1991), was available as a kit 
(RNAzol) marketed by Biogenesis Ltd. At first the protocol was followed as 
instructed, but did not yield intact RNA (figure 3.6 -Gel A). The procedure was 
then modified to include an initial tissue crushing stage under liquid nitrogen. At 
no stage was the tissue temperature allowed to rise above freezing before the 
tissue was placed into the RNAzol solution, containing the ribonuclease inhibitors 
(section 2.7). Crushing the tissue to a fine powder increased the yield of intact 
RNA, because the ribonuclease inhibitors within the solution entered the individual 
cells faster (figure 3.6 -Gel B). The tanks used for electrophoresis of the RNA 
were first cleaned with methanol and subsequently rinsed with DEPC-treated 
water. This helped to remove many of the RNases that are present on the plastic.
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The extraction procedure yielded intact RNA which, when run on a 1% agarose 
gel, showed two clear ribosomal RNA bands (figure 3.6 - Gel B). Mammalian 
undegraded RNA usually has a ratio of bands normally about 2:1 (28S:18S), 
whereas the RNA extracted from M  edulis had a ratio in the order of 1:1 
(28S: 18S). It was concluded that some degradation had still taken place. The 
total RNA and, hence mRNA, was deemed to be sufficiently undegraded for 
subsequent study.
Spectrophotometric analysis of the RNA samples showed a smooth curve between 
225-3OOnm with a peak at 260nm, indicating that there was no contamination with 
protein. The 260/280 ratio varied for separate samples, ranging from 1.8 to 1.98, 
again indicating the absence of protein contamination. In general yields between
1.5 and 5 pg of total RNA per mg tissue were obtained.
It was noticed at the time that if the total RNA was run on a non-denaturing 
agarose gel then the 28S band of M  edulis RNA ran to the same distance as the 
marker 26S band. To determine if this was due to a size difference, or a difference 
in secondary structure, electrophoresis in a denaturing system was performed. 
Under these conditions M  edulis 28 S rRNA demonstrated the same mobility as 
the marker 28 S rRNA. It was concluded that a difference in secondary structure 
resulted in the apparent change in electrophoretic mobility seen in the non­
denaturing system. Viarengo et al. (1986) also observed a 26S rRNA subunit 
when examining the total RNA fromM galloprovincialis, the RNA in this case 
was electrophoresed on a polyacrylamide gel, which may not denature the RNA 
and so the secondary structure of the ribosomal RNA may be causing a change in 
the electrophoretic mobility.
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Gel A. GelB.
Figure 3.6 Initial and modified RNA extraction procedures yielding degraded 
and undegraded RNA respectively.
Gel A. Original RNAzol method.
Lanes 1-4. M. edulis total RNA extracted from the 
same tissue ( 2 0  pg).
Gel B. Modified RNAzol method.
Lanes 1-2. M  edulis total RNA extracted from the 
same tissue ( 2 0  pg).
115
Isolation of mRNA was performed using Img of total RNA from the digestive 
gland of M  edulis and the paramagnetic particles in the Promega PolyATract III 
kit (see section 2.7.2). The analysis of mRNA quality was difficult since the 
quantity obtained would not allow visualization by agarose gel electrophoresis. 
Analysis was performed by spectrophotometry, using a 1 0  pi aliquot of the total 
250 pi diluted to 500 pi. An absorbance of 0.013 units at 260 nm was observed. 
The mRNA was calculated to have a concentration of0.026 pg/pl and a total yield 
of 6.5 pg mRNA from 1 mg total RNA. As the mRNA usually constitutes 1-2% 
of the total RNA, the expected yield would be between 10 and 20 pg. The yield 
was therefore on the low side but close to the expected value.
3.4.2 Slot blot analysis of mRNA levels
The Southern blots of M  edulis genomic DNA using the CTPl A1 and CZP4A1 
probes did not provide conclusive evidence for the existence of CTPIA and 
C7P4A related genes in M. edulis. This negative result may be due to 
hybridisation problems and not to the fact that C7P1A and C7P4A - related genes 
are not present inM edulis. Since mRNA is present in higher copy number it was 
expected that analysis of mRNA levels would be more informative.
Initially slot blots were used to investigate whether the cDNA probes would 
hybridise to the total RNA on the filter, using 2.5 pg of yeast tRNA and buffer as 
controls. Total digestive gland RNA concentrations loaded onto the slot-blot 
apparatus were 2.5, 1.25 and 0.625 pg RNA.
3.4.2.1 Results of the slot blot analysis
The results revealed that indeed all of the cDNA probes hybridised with the RNA 
present on the slot blots, with no non-specific hybridisation to the yeast tRNA or 
buffer (figure 3.7).
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2.5ug -►
1.25ug -►
0.625ug —
tRNA —►
no RNA — ►
Blot A. Blot B
2.5pg -► 
1.25pg -► 
0.625pg —► 
tRNA —- 
no RNA —►
Blot A. BlotB.
Figure 3.7 Autoradiographic detection of hybridisation of various vertebrate 
cDNA probes to total RNA of digestive gland of M  edulis, using 
the slot blot procedure. The amount of RNA loaded is indicated 
on the figure.
Blot A. Hybridised with trout CYPlAl
Blot B. Hybridised with human CYP3A
Blot C. Hybridised with rat C7P4A1
Blot D. Hybridised with human CYPl 1A1.
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The slot blots were scanned using a densitometer. Although the intensity of 
exposure decreased with RNA loading there was not an exact linear relationship 
(figure 3.8). This was thought to be due to the non-accessibility of some of the 
RNA to the hybridising probes, the higher concentrations of RNA loaded onto the 
slot blot showing a decreased signal relative to the lower dilutions.
The use of mRNA was considered, which theoretically would produce better 
results as the amount of RNA of interest loaded on to the slot-blot apparatus 
would be lower than for using total RNA. However mRNA slot-blotting was not 
used in this project for two reasons. Firstly the cost of isolating mRNA from total 
RNA was prohibitive in view of the number of samples to be analysed. Secondly 
slot-blotting experiments on mRNA does not yield information on the quantity of 
the mRNA of interest in the total mRNA, unless the level of modulation is 
relatively small. Where changes in the level of a specific mRNA are large then the 
effect on the reference mRNA level, e.g. actin, has to be taken into account. For 
example, if a gene is induced at time t and at t minus 1  this gene constitutes 1 % 
of the mRNA and at time t plus 1 constitutes 20% of the mRNA, then if equal 
amounts of RNA are loaded onto a slot blot and probed for the induced gene then 
an increase in hybridisation signal at t plus 1  will be observed, but if the two slots 
are hybridised with a standard probe then a decrease will be observed at t plus 1 . 
This is because the transcription rate of the second gene is unchanged but its 
proportion in the total RNA is decreased. Therefore it is much more useful to 
examine total RNA, as the induction response causes very little effect on 1-2% of 
the total as ribosomal RNA has not been shown to be induced (Ausubel et a l,
1994). One way of overcoming this is the use of oligo dT probing to standardise 
the loading of poly A+ mRNA molecules.
Due to the difficulty in interpreting slot blots and in producing results which 
would show true variation in the proposed seasonal and induction studies, it was 
decided to use Northern blots, which separate the RNA by size and spreads it out 
over a larger area, making the specific mRNA more accessible to the probes.
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Figure 3.8 Example (seasonal study RNA hybridised with O. mykiss CYPIA) 
of densitometry data obtained by scanning four lanes of a slot-blot 
autoradiograph.
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3.4.3 Northern blots of M  edulis total RNA
Northern blots were prepared using 10 pg of M  edulis total RNA and 10 pg of 
rat total RNA as a positive control (section 2.7.4). These were electrophoresed 
in formaldehyde denaturing gels. Initially neutral membrane (Hybond N from 
Amersham) was used to immobilise the RNA, but this sometimes did not allow 
removal of the hybridised CTP450 probes and accurate reprobing of the 
membrane when using the actin cDNA probe as a method of standardisation. 
Later positively charged membranes were routinely used, because they were 
considered to provide a more secure method of immobilising the RNA.
Northern blots were prepared for the various samples and probed with the 
vertebrate CLP450 cDNA probes. Initially the filters were washed to a very low 
stringency of 1 or 0.5 x SSC, 0.1% SDS and 30°C for 30 to 45 minutes. The 
original hybridisation buffers containing formamide were used as this allowed a 
lower hybridisation temperature and lower stringency of washing.
3.4.3.1 Northern blot analysis results.
The results showed hybridisation of the probes to bands of approx. 2 . 0  and 2.1 kb 
inM edulis RNA, with virtually no non-specific binding to the 28S RNA. It was 
concluded that the probes recognised sequences within the M  edulis total RNA 
which had similarity to that of the vertebrate cDNA probes. The results from 
these initial experiments are shown in Figure 3.9.
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The total RNA hybridised with the various mammalian cDNA probes shown in 
this figure are obtained from the second date in the seasonal study. The lanes are 
duplicates of the same sample.
Figure 3.9 Northern blots of digestive gland total RNA of M. edulis probed 
with CTPl A, 3 A, 4A and 11A cDNA probes. All show a single 
band at around 2 .1 -2 . 0  kb, demonstrating the expression of related 
mRNAs in the digestive gland.
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Further extensive studies were carried out to increase the stringency of the 
hybridisation procedures and thus improve the specificity of the hybridising in the 
Northern blot analysis. The performance of the Megaprime labelling kit (nonemer 
random primers) and the Rediprime labelling kit were compared to the Multiprime 
kit (hexamer random primers). A number of hybridisation buffers were tried 
(section 2.8), but the ones which produced best results were those of the Church 
and Gilbert (1984) method and the manufactured Rapid-Hyb buffer from 
Amersham International. The Church and Gilbert, (1984) method had the 
advantage of being relatively cheap, but the Rapid-Hyb method could be 
performed easily within a day. Although the Church and Gilbert method took two 
days, this was still an advantage over the original procedure which took three 
days. Both of these procedures produced results but not of the band intensity 
originally seen because of the high background of the filters washed at low 
stringency (data not shown). Therefore higher stringency washes were performed 
to remove the background and reveal the signal. Using the Rapid-Hyb method the 
first wash was at 2 x SSC, 0.1% SDS at room temperature for 45 minutes, the 
next wash was at 1 x SSC, 0.1% SDS at 65°C for 45 minutes, then if greater 
stringency washes were required a reduction of the salt content was used from 0.9 
- 0.1 X SSC, 0 . 1  being the highest stringency. In fact the highest stringency which 
could be used in these cross-species hybridisation experiments was 0.7 x SSC for 
the CYP3A probe. The other probes were routinely washed at 0.9 x SSC. The 
main problem associated with this technique was that any salt left on the filter 
from the Northern transfer would cause a spotty background. The other problem 
was that often the radioactivity could not be stripped from the filter even after 
numerous washes with boiling 0.1% SDS.
Eventually the Church method was modified to contain 50% formamide, so that 
a lower hybridisation temperature could be used. This proved successful and was 
used on a regular basis. The method was also altered to allow a final stringency 
wash, which was not described in the original method, all hybridisation being 
washed to a final stringency of 1  x SSC, 0 .1 % SDS at 55°C.
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Although these new procedures produced a higher stringency of washing as 
compared to the original method, a much weaker signal was produced and the 
autoradiography time was extended from at the most a week to 1-3 weeks at - 
70°C. The bands were often faint, but could be reliably quantitated using the 
scanning densitometer.
M  SEASONAL VARIATION OF CYP450 mRNA EXPRESSION
The mRNA expression study presented here was part of an integrated study 
investigating the seasonal modulation of a number of biochemical parameters, 
including ECOD activity and B[a]P metabolism assays (section 2.12). The study 
was also used to try and identify the catalytic properties of the protein products 
of the genes being investigated using mRNA analysis. These studies took place 
in Plymouth and were performed in collaboration with the PML Molecular 
Toxicology group (D R. Livingstone, P. Lemaire, A. Matthews, S.C M. 
O’Hare).
Sampling of M  edulis took place from Whitsand bay, Cornwall, at low tide on 8  
dates in 1991-1992 (see figure 3.10 for details). The dates were chosen to cover 
the entire yearly cycle and also periods when the tide was sufficiently low to 
obtain access to M  edulis.
M. edulis, of about 5 cm in length, were collected and placed into ambient flow­
through seawater overnight without food to clear gut contents. The following 
morning the digestive glands were removed and snap-frozen in liquid nitrogen. 
The glands were then transferred to the -70 °C freezer and were subsequently 
transported back to Surrey in dry ice, before they were again placed at -70°C until 
the RNA extraction was performed. Each sample date used 4 samples consisting 
of 4 pooled digestive glands. TheM edulis were not sexed, as generally major 
sex differences in the MFO system have not been observed in M. edulis 
(Livingstone, 1985; Kirchin et a l, 1992), except at one time of year when B[a]P
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hydroxylase activity in females was twice that of males (Livingstone, 1985).
The Northern blots were prepared with one sample from each sample date per 
filter, so that each CLP450 probe was hybridised to four filters. A number of the 
Northern blots were hybridised in the original hybridisation buffer, but the 
remaining filters were hybridised in Church and Gilbert (1984) buffer and washed 
to a stringency of 1 x SSC, 0.1% SDS, 55°C for 40 minutes. The first two filters 
in this experiment were standardised for mRNA loading using a probe against 
actin. The standardised values for the amount of hybridisation to the C7P1A1 
probe were expressed as the deviation from the mean value from this set of 
samples. The second two filters in this experiment and all subsequent experiments 
were standardised for mRNA loading using methylene blue staining (see section 
2.8.6). Again the standardised values for hybridisation to the CYPIA probe was 
expressed as the deviation from the mean of the values for this set of samples. 
This method of presenting this data was necessary because the method of 
standardising the mRNA loading differed between the sets of filters. The reason 
for the change has already been explained in section 2 .8 .6 . In subsequent 
experiments, because the same method of standardisation was used throughout, 
it was possible to express the values as arbitrary mRNA units.
3.5.1 Results for the vertebrate CFP450 hybridised Northern blot 
analysis of the seasonal samples.
The results for each of the C7P450 probes are shown in figures 3.10 to 3.12. The 
statistical analyses of the data are given in respectively Tables 3.1 to 3.3. These 
results indicate the existence of expressed C7P450 genes related to the vertebrate 
C7P1 A, C7P4A and CYP3A genes and reveal that modulation of the putative 
CYPIA, CYP3A and CYP4A mRNAs occurs in response to seasonal variation. 
The changes for all three probes show definite patterns, indicating that they are 
due to biological, seasonally-related phenomena. Putative CYPIA mRNA levels 
were low in winter, increased to a maximum in late spring / summer and declined
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again in autumn (figure 3.10). Changes were less clear for CYP3 A mRNA levels 
which were generally low in winter and higher in spring and summer (figure 3.11). 
CYP4A mRNA levels showed a different pattern to CYPIA, peaking earlier in the 
year in spring (figure 3.12). These results also indicate different patterns of 
CYP450 expression for the different probes used indicating that they are binding 
to different mRNAs and therefore observing the expression of three separate 
C7P450 genes or forms.
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Figure 3.10 Seasonal variation in Northern blot analysis of RNA of digestive 
gland of M  edulis, hybridised with the O. mykiss CYPlAl probe, 
n = 4, mean ± S.E.M. p values are set out in the table 3.1.
Dates 24.11.91 6.1.92 19.2.92 6.4.92 18.5.92 15.7.92 15.9.92 28.10.92
24.11.91 NSD N SD NSD NSD N SD N SD N SD
6.1.92 NSD p = 0.01 p = 0.05 p = 0.05 p = 0.05 N SD
19.2.92 p = 0.1 p = 0.1 N SD N SD N SD
6.4.92 N SD N SD N SD p = 0.01
18.5.92 N SD N SD p = 0.05
15.7.92 N SD p = 0.1
15.9.92 p = 0.05
28.10.92
Table 3.1 Statistical analysis (1-tailed t-test) of the data obtained from the
Northern blot analysis hybridised with O. mykiss CYPlAl probe.
NSD = not statistically different.
126
4500
4000
3500
3000
2500
2000
1500
„  1000 
’S
< 500
0
.s*2
z
B
Os
M
(N M (N (N (N (N
Os Os Os Os Os Os Os
Os d
vd Os vd 00 VIrH 00
(N
Figure 3.11 Seasonal variation in Northern blot analysis of digestive gland 
RNA of M  edulis, hybridised with the human CYP3A probe, n 
= 4, mean ± S.E.M. p values are set out in table 3.2.
Dates 24.11.91 6.1.92 19.2.92 6.4.92 18.5.92 15.7.92 15.9.92 28.10.92
24.11.91 p = 0.1 N SD p = 0.025 p = 0.025 p = 0.1 N SD N SD
6.1.92 N SD NSD p = 0.05 p = 0.005 N SD N SD
19.2.92 NSD N SD NSD N SD N SD
6.4.92 N SD NSD N SD NSD
18.5.92 NSD N SD p = 0.05
15.7.92 N SD N SD
15.9.92 N SD
28.10.92
Table 3.2 Statistical analysis (1-tailed t-test) of the data obtained from the
Northern blot analysis hybridised with the human C7P3A1 probe.
NSD = not statistically different.
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Figure 3.12 Seasonal variation in Northern blot analysis of digestive gland of 
M. edulis, hybridised with the rat C7P4A1 probe, n = 4, mean ± 
S.E.M. p values are set out in table 3.3.
Dates 24.11.91 6.1.92 19.2.92 6.4.92 18.5.92 15.7.92 15.9.92 28.10.92
24.11.91 N SD NSD p = 0.025 p = 0.1 NSD p = 0.025 p = 0.025
6.1.92 NSD N SD N SD N SD p = 0.1 p = 0.1
19.2.92 N SD N SD N SD p = 0.05 p = 0.05
6.4.92 N SD p = 0.05 p = 0.005 p = 0.005
18.5.92 NSD p = 0.025 p = 0.025
15.7.92 N SD N SD
15.9.92 N SD
28.10.92
Table 3.3 Statistical analysis (one tailed t-test) of the data obtained from the
Northern blot analysis hybridised with the rat C7P4A1 probe.
NSD = not statistically different
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This seasonal study was part of a larger study which also measured changes in 
MFO activities of digestive gland microsomes, specifically total free B[a]P 
metabolism (sum of dihydrodiols, 'polyols', diones and phenols) and ECOD 
activities, both measured in the presence ofNADPH (see legends of figures 3.13 
and 3.14 for methodological details). This work was performed by the PML 
Molecular Toxicology Group. The results of the investigation into the metabolism 
of B[a]P are shown in figure 3.13. Microsomal B[a]P metabolism increased 
through the spring reaching a maximum in July before declining in the autumn. 
The changes correlated to a certain extent with the putative CYPIA mRNA 
modulations (regression analysis of means revealed r = 0 .6 8 ) and indicated that to 
an extent an enzyme with similarity to vertebrate CYPIA may be involved in the 
metabolism of B[a]P. ECOD activity, (figure 3.14), also showed a similarity in 
trend to the putative CYPIA mRNA (as defined by regression analysis; r = 0.60) 
but not to B[a]P metabolism (r = 0.20).
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Figure 3.13 Seasonal variation in B[a]P metabolism (total free metabolites) by 
microsomes from M. edulis digestive gland in the presence of 
NADPH (pmol per min per mg microsomal protein), mean ± 
S.E.M, n=4 (each sample was the pooled tissue of 4 mussels). 
Assay procedures and identification of free ^H-B[a]P metabolites 
(dihydrodiols, diones , phenols) were carried out as described in 
Lemaire ûr/. (1993).
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Figure 3.14 Seasonal variation in ECOD activity in microsomes from M  edulis 
digestive gland in the presence ofNADPH (pmol per min per mg 
microsomal protein), mean ± S.E.M, n=4 (each sample was the 
pooled tissue of 4 mussels). ECOD activity was measured 
fluorometrically as described in Livingstone et al. (1989a).
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3 .6  DISCUSSION
The aim of this study was primarily to identify CTP450 genes that are present in 
M  edidis genome and whether they are expressed in the digestive gland tissue. 
Additionally, a seasonal study was carried out to examine endogenous variation 
in the expression/regulation of the genes and (by comparison with MFO activities) 
obtain incite into the possible catalytic properties of the expressed proteins. This 
aim has to a certain extent been fulfilled, although it is still not possible to state 
that the genes responsible for the production of mRNA related to CYPIA, 
CYP3A, CYP4A and CYPl 1A code for proteins which inM  edulis perform the 
same function as their orthologues in higher animals. However, in the case of 
CYPIA, a role in B[a]P metabolism is indicated (see below), consistent with its 
catalytic properties in other organisms (Astrom and DePierre, 1986; Stegeman and 
Hahn, 1994).
Both DNA and RNA extractions were successful, but there is still evidence that 
some degradation of the RNA is occurring, as the ratio of the ribosomal RNAs of 
1:1 is not comparable to mammalian ribosomal RNAs which has a ratio of 2:1 
(28S:18S) (Sambrook et al, 1989). The electrophoretic mobility of the ribosomal 
RNAs was indicated to be the same as mammalian ribosomal RNA when 
electrophoresed in a denaturing system and that the observed difference in 
mobility seen in non-denaturing electrophoresis was due to differences in 
secondary structure. Viarengo et al. (1986) observed that M  galloprovincialis 
contained ribosomal RNA with a sediment co-efficients of 26S and 18S when 
electrophoresed on a polyacrylamide gel. If SDS had been added to the gel then 
dénaturation of the RNA would have occurred yielding results similar to those 
observed using agarose gel electrophoresis.
Data from the Southern blots hybridised with the mammalian CYP3A and 
CYPl 1A probes is strong evidence for the presence of members of these families 
inM  edulis (Wootton et al., 1995). In the case of the Southern blot hybridised
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with the CYP3A probe, there may be two related genes, one with a higher degree 
of similarity to mammalian CYP3A than the other. The Southern blots hybridised 
with the CYPIA and CYP4A probes did not produce bands, but this failure to 
hybridise may be due to a lower sequence similarity between the genes than that 
of the CYP3A and CYP\ 1A probes. However, in the case of CYPIA it would 
safe to assume that there should be more similarity between fish and mussel genes, 
than between mammals and mussels, for instance, trout CYPIA gene has a 59% 
similarity to that of mammalian CYPIA (Heilmann et al., 1988), so the reason for 
the non-hybridisation between the two is unclear. Spry (1991) showed genomic 
DNA slot blots hybridised with CTP4A1 and CTPlAl probes, although his 
Southern blots did not reveal any hybridisation. This discrepancy was concluded 
to be due to the degradation of the genomic DNA before digestion resulting in a 
smear of the hybridising gene band rather than distinct bands. This explanation 
can not be employed in this case as it was clear that the genomic DNA was not 
degraded, unless preferentially for the CYPAA and CTPIA gene orthologues, 
which is extremely unlikely.
The slot blots and Northern blots of M  edulis total RNA hybridised to the 
vertebrate CTP450 probes with a hybridisation signal being obtained at, in the case 
of the Northern blots, either 2.0 or 2.1 kb for each of the probes (Wootton et al., 
1995). In the case of the slot blots the hybridisation signal was observed at each 
of the slots that contained M  edulis RNA and not in the control slots (i.e. tRNA 
and buffer controls), although the signal obtained from the hybridisation of the 
probe to the RNA did not strictly observe the linearity to which the RNA was 
loaded onto the slot blot apparatus. This problem as discussed earlier in this 
chapter was the reason why Northern blots were chosen to analyse the extent of 
modulation in CYP450 mRNA expression in the later studies.
The hybridisation signals obtained using slot blot and Northern blot analysis do 
not prove the existence of these CYP450 isozyme activities within M. edulis. The 
stringency of washing was low in both cases, which would suggest non-specific
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binding might be taking place, but the 28S band where non-specific binding should 
also occur was not seen after autoradiography. The size of the hybridising signal 
obtained fi’om the Northern blot analysis does vary between 2.0 and 2.1 kb which 
points to specific hybridisation, although these measurements are not very 
accurate as the ribosomal RNA bands which are used as markers are often diftuse. 
Modulation of expression was observed in the seasonal study when RNA was 
hybridised with the vertebrate cDNA probes which would not be seen if non­
specific binding was taking place.
The data obtained from the hybridisation of the mammalian probe to the total 
RNA from the digestive gland of M  edulis is in agreement with the recent study 
by Peters and Livingstone (1995) where polyclonal antibodies to P. fluviatilis 
CYPIA and sheep CYP4A1 demonstrated immunopositive bands in both 
microsomes and partially purified CYP450 preparations inM  edulis. Purification 
studies have indicated multiple forms of CYP450 in M  edulis but could not 
describe specific forms (Kirchin et al., 1987; Livingstone et al., 1989a; Porte et 
al, 1995). Additional evidence that CYPIA is present inM. edulis, and in other 
marine organisms, is the oxidative catalytic activity data, which includes B[a]P 
metabolism and EROD activity (Livingstone and Farrar, 1984; Stegeman, 1985, 
Van Veld et al, 1988; Elskus and Stegeman, 1989; Goksoyr et a l, 1991a; Teal 
etal ,  1992; CuPiiset al, 1993).
A putative CYPIA has been reported in the chiton C. stelleri using Western blot. 
Although it was postulated that there are other forms in this species, they have as 
yet to be identified (Schlenk and Buhler, 1989). CYPIA has been described for 
many types of fish, including S. chrysops, G. morhua and O. mykiss (Klotz, 
1983; Williams and Buhler, 1984; Goksoyr, 1985). The other forms of CYP450 
studied, i.e. CYP3A, CYP4A and CYPllA, have not been so widely studied, 
although CYP4A is thought to be present in O. mykiss due to the enzyme activity 
(Laurie acid hydroxylase - Williams et a l, 1984) of mammalian CYP4A being 
identified in the fish (Melancon and Lech, 1976; Williams et a l, 1984) and
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CYP4C1 has been cloned from B. discoidalis (Bradfield et ah, 1991). 
Arachadonic acid metabolism has been observed inM  edulis which is a substrate 
for mammalian CYP4A1 (Kirchin, 1988). CYP3A has been identified in the 
gonads of clams after sequence analysis (D.J. Brown and R.J. Van Beneden, 
personal communication) and the enzyme activity of mammalian CYP3A, 
testosterone 6 -P hydroxylase, was observed in M  edulis by Kirchin (1988). 
CYPllA has been cloned from O. mykiss with a similarity to human of 48% 
(Takahashi et a l, 1993). The fact that all the CTP450 genes studied are present 
in primitive species is indicative of the genes having an ancient evolutionary origin, 
as shown in the phylogenetic tree (Degtyarenko and Archakov, 1993).
Metabolic and physiological seasonal variation in molluscs has been studied, 
indicating a fundamental regular change in certain biochemical parameters. These 
parameters include lipid (used as a fuel for gametogenesis) and carbohydrate 
content, which are both increased over the summer months and are accompanied 
by an increase in demand for NADPH (Thompson et al., 1974). Lipid is 
conserved between autumn and spring until gamete release which is duplicated by 
a sharp fall in lipid concentration (De Zwaan and Mathieu, 1992). The glycolytic 
pathway has been studied in the mantle and digestive gland of M  
galloprovincialis, using fiuctose 2 , 6  diphosphate as a marker, which showed 
maximum activity in winter (Ibarguren et a l, 1990). Enzymes of the pentose 
phosphate pathway indicate strong seasonal and sex variation, including 6 - 
phosphgluconate dehydrogenase (6 -P-GDH) (Gabbott and Head, 1980). Glucose 
6 , phosphate dehydrogenase (G-6 -PDH) which is involved in the supply of 
NADPH for lipogenesis, shows seasonal variation (highest in the summer months) 
in specific activity but whose apparent Km for G-6 -P and NADP+ only shows 
slight seasonal changes (Livingstone, 1981).
Studies performed by Sole et al. (1995 a & b) have investigated the influence of 
seasonal and environmental parameters on the bioconcentration and 
biotransformation capacities of M  galloprovincialis from a Spanish population.
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Although the studies were only performed between February and June a few 
general conclusions were made in the study. Specific CYP450 content was found 
to be high in February decreasing to June, lipid content rose until spawning in 
April which was favoured by sharp changes in temperature and salinity. The 
molluscs spawned for a second time in June. The quantity of PAHs and DDTs in 
M.galloprovincialis showed good correlation with NADPH-cytochrome c 
reductase activity.
Livingstone (1985) reported the seasonal variation in B[a]P hydroxylase specific 
activity in microsomes of M. edulis, observing that there is an increase in BPH 
activity between February and May, but there was higher activity in November, 
particularly in females. The minimal activity of B[a]P hydroxylase was shown to 
be in March of the second year studied, but this was followed by a significant 
increase in April. A similar variation with season was seen for the ability of M  
edulis to activate chemical pollutants to bacterial mutagens, which was higher in 
summer than in winter (Parry et a l, 1981).
The seasonal study described in this report revealed interesting results, including 
strong evidence that the mammalian probes were binding specifically to the 
CYP450 mRNAs, as modulation would not be seen if the probes were hybridising 
to the ribosomal RNA. All three of the probe studies are consistent with the 
observed increase in total CYP450 content in digestive gland of M  edulis over the 
summer months (Kirchin et al, 1992), because all three measured putative 
mRNAs were higher during this time.
The seasonal study Northern blots probed with the CLPIA cDNA indicated 
greatest expression in May and least in February. The Northern blots probed with 
CYP3A revealed a general increase in expression over the months between and 
including February and September. A three-fold increase was observed between 
the maximal and minimal expression, with the minimum being obtained in 
November. The seasonal study Northern blots probed with CTP4A1 show a four­
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fold increase in expression between a maximum in May and a minimum in 
September.
This study does not reveal that the CZP450 genes are constitutively expressed all 
year round, as there may still be an underlying non-specific binding at the 
stringencies at which the hybridised filters were washed, which may be equivalent 
to the lowest value seen on the seasonal study graphs. For example, the seasonal 
study hybridised with CKP3 A shows apparent mRNA expression in winter, which 
may be due to slight non-specific binding of the probe. But while a small amount 
of non-specific binding may increase all the levels of hybridisation signal by the 
same amount as the lowest reading, the modulation effect and general trend will 
remain the same.
The expression of the putative CYPIA orthologue follows the same pattern as 
levels of antioxidant scavengers (vitamin E, total carotenoids, reduced 
glutathione) and antioxidant enzyme activities (SOD, catalase and glutathione 
peroxidase) as they all increase around March to May in M.galloprovincialis 
(Viarengo et a l, 1991). These antioxidant status changes are thought to be 
related to food availability, since the variation resembles the fluctuation of 
phytoplanktonic biomass typical of temperate waters (Viarengo et ah, 1991). 
Variations due to food acquisition may also influence CYP450 levels, as it is 
believed that a major source of the contaminating xenobiotics that modulate 
CYP450 enters the organism via food sources (Farrington, 1991). The increased 
antioxidant levels observed by Viarengo etal. (1991) may also be reflective of the 
increased CYP450 levels which may be responsible for a number of the 
oxyradicals formed in molluscs (Kappus, 1986; Livingstone et al., 1990a). Other 
reasons for the fluctuations in expression of CYP450 which have been identified 
in fish include health, condition, nutritional status, water-temperature, hormone 
levels and developmental stage (Stegeman and Hahn, 1994). The water 
temperature appears to affect the function of CYP450 directly and possibly 
through effects on the saturation of membrane lipids (Williams et ah, 1983).
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Temperature also influences the rate and magnitude of CYPIA induction, i.e 
induction is suppressed in the cold by several days (Stegeman, 1979; Forlin et al, 
1984), which after slot blot analysis was concluded to be due to a post- 
transcriptional mechanism, i.e either decreased metabolism of inducer, decreased 
turnover of mRNA or the mRNA is not translatable (Kloepper-Sams and 
Stegeman, 1992).
Taking into account the results of all three CTP450 probes studied there is a 
general trend which can be observed which reveals a greater expression of the 
CYP450 orthologues in the digestive gland of M  edulis in summer than in winter. 
This trend is also reflected by Kirchin et al. (1992), who reported in a similar 
study of the digestive gland ofM  edulis a range of different enzyme content and 
activity data, which changed with the seasons, including total CYP450 content 
being highest from May to November and lowest in January and February. The 
proposal that CYPlAl mRNA is at its maximal expression in summer and hence 
CYPIA protein should also be at a maximal level, is not corroborated by the 
changes observed in X maximum (wavelength at which CYP450 complexed with 
CO absorbs) of total CYP450 throughout the year (Kirchin et al., 1992). During 
April, May and June the X maximum was nearer 450 nm, but in the winter 
between September and January the X maximum was nearer 448 nm. As CYPlAl 
absorbs at 448 nm after binding to CO (lonnides and Parke, 1987), it would be 
expected that when the levels of CYPlAl protein is high then the X maximum 
would be closer to 448 nm. However these findings may be due to greater 
quantities of other CYP450s that are present during the summer absorbing at 
450nm, but decrease during the winter revealing the constitutive CYPIA enzyme. 
ECOD activity is also markedly affected by season, with the highest activity in 
November and December, with a decreased activity in summer (Kirchin et al., 
1992). This activity is associated mainly with CYP1A2 and CYPlAl, but is also 
catalysed by other isozymes of CYP450, so may have little relevance to the 
modulation of CYPlAl. It should be noted that no two years will be the same 
when observing seasonal changes, the sequence of events can vary by three or
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more months. This is highlighted by the differing result of the work analysing 
ECOD activity by Kirchin et al. (1992) and the results of the ECOD seasonal 
study presented in this chapter.
It is also important to note that the levels of CYP450 mRNA can be modulated 
over the short term by environmental factors such as pollution. Therefore values 
determined within the seasonal study may show variability due to, for example, 
changes in water purity. As described in Chapter 1, the induction of CYPIA 
mRNA in fish can take place between 6  and 24 hours and can have returned to 
base levels after 48 hours (Kloepper-Sams and Stegeman, 1989). Therefore if the 
molluscs used in this study were exposed to a sudden change in pollutant 
conditions within days of sample collection, the results may vary due to the levels 
of xenobiotics in the environment. It is also difficult to compare from one year to 
the next, even if sampling from the same site, as the habitat in which M  edulis is 
found may change. Whitsand bay is generally known as a clean site, but it is not 
always possible to know what has happened in the site during the days before 
sample collection.
The results of the enzyme activities (B[a]P metabolism and ECOD activity) 
measured during the seasonal study to a certain extent correlated with the CYPIA 
mRNA expression levels (r = 0.68 and 0.60 respectively). The correlation is not, 
however, strong enough to enable a firm conclusion to be made as to whether the 
CYPIA enzyme translated from the CYPIA mRNA measured by Northern blot 
is responsible for the metabolism of B[a]P and 7-ethoxycoumarin in molluscs.
Kirchin (1988) described a number of enzyme activities in the digestive gland of 
M  edulis including arachidonic acid hydroxylase which is an activity of CYP4A 
in mammals and rodents. Testosterone 6 -P hydroxylase was also observed inM  
edulis digestive gland which is an activity of CYP3 A in mammals (Kirchin, 1988). 
CYP4A mRNA showed maximal expression in April, but reduced sharply to a 
minimum in September and October. CYP4A is involved in the breakdown of
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fatty acids, which are further broken down by P-oxidation. As lipid levels are at 
a maximum at the end of the summer, which is when the lipids start to be used as 
a source of energy for gametogenesis, it is possible that endogenous factors are 
increasing the expression of C YP4A mRNA and hence apoprotein levels, so that 
lipid stores are released, until a maximum is revealed in April. The subsequent 
decline in CYP4A related mRNA may be due to natural food sources in the water 
becoming more prevalent. The expression is decreased over the summer as 
exogenous lipids are stored to be used over the winter.
CYP3 A expression is generally increased during the spring and summer months 
(February to September). The explanation for this is unclear, but may relate to the 
testosterone 6 -p hydroxylase activity of this family and gametogenesis may be 
occurring at this time. The pattern is similar to that seen for progesterone in M  
edulis by Reis-Henriques and Coimbra (1990) although they reported high levels 
of progesterone in July and October coinciding with gametogenesis. The slight 
differences in time can be explained by the different years, as the seasonal changes 
can vary from year to year by plus or minus |*^onths.
The studies described in this chapter give reasonably clear evidence that there are 
multiple forms of CYP450 inM  edulis, although as yet their true identity cannot 
be described. On their own the analysis of the genomic DNA and total RNA 
could not convincingly state that there were multiple CTP450 genes present inM  
edulis, but with the seasonal variations showing different trends for each of the 
genes studied it is much more conclusive. The investigation into CYPIA in 
particular shows that the product of the gene to which the O. mykiss cDNA is 
hybridising may indeed have some of the catalytic activity of the orthologous 
enzyme in vertebrates when comparing the seasonal changes with those obtained 
for ECOD activity and B[a]P metabolism. There is always the possibility though 
that there is more than one CYP450 acting on these substrates. These studies do 
not however provide any evidence to whether the putative CYPIA inM  edulis 
can be modulated by xenobiotics.
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Summary of seasonal study data.
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Figure 3.15 Summary of the seasonal study data obtained from Northern blot analysis
of RNA of digestive gland of M. edulis hybridised with the O. mykiss 
CYPlAl, rat CYP4A1 and human CYP3A cDNA probes. The CYPIA 
data is increased by a factor of 1 0  ^to allow the data to fit onto the scale.
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CHAPTER 4
MODULATION OF CTP450 GENE EXPRESSION BY 
XENOBIOTICS IN MUSSELfMvri/tiy SPl AND ALLIGATOR (A.
mississippiensis)
LI INTRODUCTION
Chapter 3 described the use of four vertebrate CFP450 cDNA probes, C7P1 A, CYP3A, 
CYP4A and CYPl 1 A, in both Northern and genomic Southern analysis of the digestive 
gland fromM edulis. Although the rainbow trout (O. mykiss) CYPIA cDNA probe did 
not hybridise to the genomic DNA, it appeared to hybridise to the total RNA ofM  edulis 
using the Northern blot procedure. The investigation into the C7P1A gene presence and 
expression in M  edulis is of importance as there is a possibility that the modulation of 
expression of this gene may be used as a molecular biomarker for exposure to organic 
xenobiotics (Livingstone, 1993). Many of the xenobiotics that can modulate CYPIA 
mRNA expression in vertebrate systems are present in the aquatic environment as a result 
of man's industrial activities (Goksoyr and Forlin, 1992; Walker and Livingstone, 1992).
Information on the regulation by organic xenobiotics of the MFO system and a CYPl A- 
like enzyme in molluscs is limited (Livingstone et al, 1989a; Livingstone, 1991b). Studies 
to date have centred on measurement of CYPlA-related enzyme activity (B[a]P 
hydroxylase) (Livingstone et al., 1985; 1988a; Narbonne et al., 1991; Michel et al., 
1993a) and CYPl A-like protein (Schlenk and Buhler, 1989a; Livingstone et a l, 1995). 
Overall, the results of laboratory exposures to classical CYPl A-inducers (3-MC, B[a]P, 
PCB congeners) and field exposures to mixed organic contaminants, such as PAHs and 
PCBs, indicate induction of a CYPl A-like enzyme in the digestive gland, but at much 
lower levels of inducibility than the vertebrate system (Livingstone, 1991b; 1994). Also 
that the response may be seasonally variable (Livingstone, 1987). Nothing is known of 
the mechanism of induction but evidence exists both for the absence (Hahn et a l, 1994)
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and presence (Brown et al., 1995) of a molluscan^/z receptor.
Definitive evidence for the expression of the CYP450 genes can only be obtained by 
detecting the gene at the mRNA level using Northern blot analysis. Previous pilot studies 
on induction of CYPIA in digestive gland ofM  edulis had failed to detect any changes 
in mRNA levels, but only a single time point of exposure and a single inducer were 
examined (Spry, 1991). The extent of modulation of CYPIA mRNA expression in 
digestive gland of M  edulis was therefore examined over both short (up to 48 hours) and 
long (up to 6  days) time courses and with exposure to two different xenobiotics (PCB 
(CB-138) and B[a]P)). This study was carried out in collaboration with Dr. D R. 
Livingstone (Plymouth Marine Laboratory, U.K.). Single doses of these mammalian 
'model' CYPlAl inducers were employed in order to obtain information as to whether the 
orthologous gene inM  edulis is responsive to the same organic chemicals that cause an 
induction response of the CYPIA gene in mammalian systems. A field study was also 
performed in order to investigate the possibility of using M  edulis CYPIA mRNA 
modulation as a biomarker of exposure to organic contaminants. The field study was 
performed using an area known to have high levels of organic pollution, in particular 
PAHs, PCBs and other organochlorines, i.e.Venice lagoon, Venice, Italy. The Venice 
lagoon is a virtually enclosed area of water which contains sites of industrial pollution. 
Organic pollution is also generated by the city of Venice, where the canals are used as the 
sewage system. Heavy shipping also occurs through the city and around the islands, not 
only the water-taxis and private boats, but also fi*eight and oil tankers on route to the 
industrial areas. The investigation into the modulation of the putative CYPIA mRNA 
expression in the Venice lagoon was part of a larger EC-fijnded study investigating the 
tissue levels of the chemicals in the organisms themselves and the study of the CYP450 
enzyme activity levels in the fish Goby {Zosterisessor ophiocephalus). The study was 
carried out in collaboration with Dr. C. Nasci (Institute of Marine Biology, Venice, Italy).
An opportunity also arose to extend the studies of CYPIA expression and modulation 
into the alligator species A. mississippiensis. The work was performed in collaboration 
with Professor Gary W. Winston (Louisiana State University, Department of
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Biochemistry, Louisiana, U.S.A.). Animals were dosed with one of three mammalian 
'model' inducers (3-MC, PB and clofibrate) in an attempt to elevate the transcription level 
of the reptile orthologues of the mammalian C7P1 A, C7P2B, C7P2C, C7P2D, C7P2E 
and C7P4A gene families. CYP450 has been detected in a number of reptiles (Walker and 
Ronis, 1989). In the case of liver of A. mississippiensis, a protein band recognized by 
antibodies to rat CYPlAl and CYP1A2 was induced by 3-MC by 3-4 fold: B[a]P 
hydroxylase activity was also elevated following pretreatment with 3-MC (Kirchin et al., 
1991; Kirchin and Winston, 1992).
L2 MODULATION OF CYP1A-LTKE mRNA EXPRESSION IN THE 
DIGESTIVE GLAND OF MYTILUS SP. FOLLOWING EXPOSURE OF 
XENOBIOTICS.
Two different compounds were used in separate experiments to investigate the inducibility 
of the putative C7P1A gene in Mytilus sp. The first study was an exposure experiment 
using M  galloprovincialis. This was performed in Venice at the Istitudo di Biologia del 
Mare C.N.R and samples were kindly made available for me to analyse the extent of 
CYPIA mRNA expression. The compound used in this experiment was 2,2',3,4,4',5'- 
hexachlorobiphenyl, also known as the congener PCB 138 (figure 4.1), which is known 
to induce C7P1A and C7P2B in mammalian systems, but is thought to be only a relatively 
weak C7P1A inducer compared to 3-MC or B[a]P (Gooch et al., 1989). A mixed-type 
inducer was used because of availability and the fact that nothing is known of the 
specificity of induction of a CYPl A-like enzyme m. Mytilus sp.
The second C7P1A1 inducer used was B[a]P (figure 4.2) and the experiment was 
performed onM edulis at the Plymouth Marine Laboratory. This is a 'model' compound 
for inducing C7P1A1 gene transcription in vertebrates and has been used successfully in 
many mRNA induction studies in mammals as well as in fish (Stegeman and Hahn, 1994).
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Figure. 4.1 Structure of polychlorinated biphenyl congener CB-138. 2,2',3,4,4',5- 
hexachlorobiphenyl.
Figure 4.2 Structure of benzo[a]pyrene.
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4.2.1 Polychlorinated biphenyl congener CB-138: exposure study in 
digestive gland of M  galloprovincialis
In June 1993 M  galloprovincialis (4-5 cm shell length) were collected from the Adriatic 
sea and individually injected with a single dose of 10 pmol.. PCB-138 per kg of tissue: 
the congener was dissolved in dimethylsulphoxide (DMSO) to a final volume of 20 pi per 
mussel. Control M  galloprovincialis were injected with 20 pi DMSO. The M  
galloprovincialis were injected by slightly opening the shell with a pipette tip, the dose 
injected into the mantle cavity (between shell and mantle), closed and left dry with a 
rubber band around them for two hours before being returned to water. Both sets of 
treated individuals were left for 4 days in aerated static seawater systems (approx. 200 
ml seawater per mussel) which was changed daily. The digestive gland was then 
dissected, damp-dried and snap-frozen in liquid nitrogen. The digestive glands were 
transported to England in dry ice and stored at -70®C until required.
Digestive gland microsomes were prepared and analysed for CYPl A-like protein by 
Western blotting using the polyclonal antibodies to perch {Pereafluviatilis) CYPIA, as 
described in Livingstone et al. (1995) and for in vitro H^-B[a]P metabolism in the 
presence ofNADPH (total metabolites: sum of diols, diones and phenols) radiometrically 
by HPLC (Lemaire et al., 1993). Both of these studies were carried out by the PML 
Molecular Toxicology Group of Dr. D.R. Livingstone.
For CYPIA mRNA analysis, four digestive glands for both the control and the exposed 
M  galloprovincialis, were crushed under liquid nitrogen and four 1 0 0  mg samples then 
taken for total RNA extraction (as described in section 2.7). Northern blots were 
prepared using 20 pg of RNA from each of the samples (see section 2.7.4). The Northern 
blots were hybridised with the radiolabelled O. mykiss cDNA C7P1A probe produced 
using the Megaprime random labelling kit (see section 2.8.2.1) and washed to a moderate 
stringency (2 x SSC, 0.1 % SDS, room temperature for 30 minutes; 1 x SSC, 0.1 % SDS, 
50°C for 45 minutes; 1 x SSC, 0.1 % SDS, 55°C for 45 minutes with a final rinse in 5 
X SSC) before autoradiography (see section 2.4.10). 1 pg of the O. mykiss CYPIA cDNA
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was spotted on to the corner of the filter, to act as a positive control for hybridisation.
After hybridisation with the O. mykiss CZPl A probe and autoradiography the filters were 
stripped of probe (see section 2.8.5) and the RNA was stained with the methylene blue 
dye, as described in section 2.8.6. The stained RNA was then quantitated by 
densitometry, allowing standardisation of the RNA loading. The results are expressed as 
arbitrary densitometer units.
The results for putative CYPIA mRNA, CYPIA protein and microsomal B[a]P 
metabolism of digestive gland are given in respectively figures 4.3 to 4.5. After 4 days 
exposure to a single dosage of PCB, a slight increase in CYPIA mRNA expression was 
indicated, but the differences were not statistically significant (P > 0.05) (figure 4.3). In 
contrast, an elevation was seen in levels of CYPl A-like protein (figure 4.4), but a marked 
decrease was evident in microsomal B[a]P metabolism (figure 4.5). No changes were 
seen in the B[a]P metabolite profile (i.e. % diols, diones, phenols) with exposure to CB- 
138 (data not shown - D. R. Livingstone, pers. comm ).
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Figure 4.3 PCB (CB-138) exposure experiment: variation in CYPl A-like mRNA 
from the digestive gland of M  galloprovincialis. Total RNA was 
hybridised with the O. mykiss CYPlAl probe. n=4, mean ± SEM. (P > 
0.05 using one tailed t-test)
Vehicle control: M  galloprovincialis injected with DMSO and sacrificed 
after 4 days.
PCB-138: M  galloprovincialis exposed to a single dose of 10 mol./kg 
wet weight and sacrificed after 4 days.
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Figure 4.4 PCB (CB-138) exposure experiment: CYPl A-like protein quantitation in 
microsomes of digestive gland ofM  galloprovincialis. Performed by the 
PML Molecular toxicology group. n=5, mean ± SEM, * = P < 0.05 for 
1  tail t-test.
Vehicle control: M  galloprovincialis injected with DMSO and sacrificed 
after 4 days.
PCB-138: M. galloprovincialis exposed to a single dose of 10 mol./kg 
wet weight and sacrificed after 4 days.
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Figure 4.5 PCB (CB-138) exposure experiment: total polar metabolites of B[a]P in 
the microsomes of digestive gland ofM  galloprovincialis. n=3, mean ± 
SEM, P < 0.05 for 1 tail t-test.
Vehicle control: M. galloprovincialis injected with DMSO and sacrificed 
after 4 days.
PCB (CB-138): M. galloprovincialis exposed to a single dose of 10 
mol./kg wet weight and sacrificed after 4 days.
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4.2.2 Benzo[a]pyrene short-term and long-term exposure studies in 
digestive gland of M  edulis
M. edulis (4-5 cm shell length) were collected from Whitsand bay, Cornwall, U.K. and 
exposed to a single injection of B[a]P dissolved in DMSO. Two sets of controls were 
used: one was injected with the vehicle and the other set were not injected. Each of the 
two sets of controls, plus the exposed animals were kept in separate tanks. These 
conditions were sampled over two separate time courses. Both of these experiments took 
place in March 1994.
4.2.2.1 Long-term B[a]P exposure experiment
The long-term experiment was due to last a total of 14 days, but due to large-scale 
spawning of theM edulis and subsequent death at 6  days, was then terminated. Controls 
for this experiment were M  edulis that had not been injected and M. edulis that were 
injected with the vehicle solvent, DMSO. Sampling times are shown in table 4.1.
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Name 0  days 2  days 4 days 6  days
Control * *
Vehicle
(DMSO)
* *
B[a]P in 
DMSO
» * *
Table 4.1 The sampling times of M  edulis in the long-term B[a]P exposure 
experiment. * = sampled.
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lOOM edulis were used for the untreated control and 200 M  edulis each for the DMSO 
(vehicle control) and B[a]P + DMSO (exposed) conditions. Water was changed daily and 
maintained at 300 ml perM  edulis.
The dose of the B[a]P used was based on the successfiil exposure study with B[a]P in A. 
rubens (Den Besten et al., 1993). The A. rubens exposure dosage was 1 0  mol./kg wet 
weight, which equalled approximately 2.52 pg/g wet weight, which corresponds to 10.08 
pg per animal for average total M  edulis weight of 4g (Mw. B[a]P = 252). 10 pi of a 
1 mg/ml solution of B[a]P in DMSO was injected into each animal.
The shell of theM edulis was prised open very slightly and injected, between the mantle 
and the shell, with the B[a]P in DMSO or DMSO alone: the shells were then kept shut by 
placing an elastic band around them for 2 hours. B[a]P dosed M  edulis, vehicle dosed 
M. edulis and control M  edulis were kept in separate tanks, which contained static, 
aerated seawater, and maintained at ambient temperature of 12°C. Water was changed 
every two days.
For this long-term induction experiment, additional techniques were used to examine the 
modulation profile, namely total CYP450 content, CYPl A-like protein and fluorometric 
B[a]P hydroxylase activity (total phenols) in digestive gland microsomes ofM  edulis. 
These were measured respectively by the CO-difference spectrum of dithionite-reduced 
samples (Livingstone, 1988), Western blotting using polyclonal antibody to hepatic 
CYPIA of P. fluviatilis (Porte et al., 1995) and fluorometrically in the presence of 
NADPH (Livingstone et al., 1985).
Digestive glands were removed for each time point, damp-dried and snap frozen in liquid 
nitrogen, before storage at -70°C.
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4.2.2.2 Short-term B[a]P exposure study
A short-term exposure study over a period of 2 days was performed using B[a]P as the 
inducing compound. This study was used solely for the CYPIA mRNA expression 
analysis. The M  edulis were exposed to a dose of 10 pi of 2 mg/ml B[a]P which is 20 
pg per animal and an approximate wet weight concentration of 5 pg/g wet weight. 
Controls were as in the long-term B[a]P induction study. Table 4.2 shows the sampling 
times of the dosed and control animals.
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0  hours 6  hours 1 2  hours 18 hours 24 hours 48 hours
Control * *
Vehicle
(DMSO)
* * * * *
B[a]P in 
DMSO
* * *
Table 4.2 The sampling times of M  edulis in the short term B[a]P exposure 
experiment. * = sampled.
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The water was changed every 24 hours. B[a]P dosed M  edulis, vehicle dosed M. edulis 
and control M  edulis were kept in separate tanks, which contained static aerated seawater 
(12°C). Spawning again took place and after 18 hours 3 M  edulis in both the DMSO 
control and the B[a]P exposed tanks had died.
Four digestive glands were removed for each of the sampling points, damp-dried and snap 
frozen in liquid nitrogen before being stored at -70 °C until required.
4.2.3 Northern blot analysis of the two B[a]P exposure studies
The digestive glands obtained from theM edulis in both the studies described above were 
transported to Surrey in dry ice and stored at -70 °C until required for RNA extraction. 
For both of the experiments the digestive glands from each of the time points were pooled 
and crushed under liquid nitrogen and four samples from each pool were taken and RNA 
prepared from them (as described in section 2.7).
The concentrations of the RNA samples were determined using a spectrophotometer set 
at 260 nm and the purity determined by calculating the 260/280 nm ratio (see section 
2.4.2). Scanning of the RNA sample from 200-300 nm was performed to determine the 
extent of contamination by protein and the integrity of the sample was analysed by 
electrophoresis, 10 pg of the RNA on a 1% non-denaturing gel to reveal the characteristic 
ribosomal RNA banding pattern of non-degraded RNA (see section 2.7.4).
Subsequent to denaturing gel electrophoresis of the RNA samples (20 //g) (see section 
2.7.4), and transfer of the RNA to nylon membrane (see section 2.4.9) hybridisation was 
performed using the O. mykiss CZPl A probe. The filters were pre-hybridised using the 
Church and Gilbert buffer for 2 hours at 42 °C. The O. mykiss cDNA was used as a 
template for the synthesis of a labelled cDNA probe by the Rediprime random labelling 
method (see section 2.8.2.3) and hybridisation was performed for 16 hours at 42 °C. The 
membranes were washed at moderate stringency ( 2  x SSC, 0 .1% SDS, room temperature 
for 45 minutes; 1 x SSC, 0.1% SDS, 50°C for 45 minutes; 1 x SSC, 0 . 1 % SDS, 55°C for
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45 minutes and a final wash at room temperature with 5 x SSC) and autoradiography was 
performed at -70°C using an intensifying screen (see section 2.4.10). The filters were 
standardised using the methylene blue procedure described in section 2 .8 .6 .
4.2.3.1 Results of CYPIA mRNA analysis
The results for the putative CYPIA mRNA expression after long-term and short-term 
exposure to B[a]P are given respectively in the figures 4.6 and 4.7. Considering the long­
term exposure experiment first, after a single dose of B[a]P there seemed to be a 
significant drop in CYPIA mRNA compared to the non-injected controls (P < 0.005) and 
to the vehicle control (P < 0.025) when measured at two days post-injection. The levels 
of putative CYPIA mRNA then returned to normal when compared to the non-injected 
control, but was still significantly lower than the vehicle control (P < 0.01). A further 
significant drop in CYPIA mRNA was then observed after 6  days when compared to both 
the non-injected controls (P < 0.01) and the vehicle control (P < 0.005). The interesting 
point about these results is that 4 and 6  days post-injection of DMSO, the vehicle controls 
have levels of putative CYPIA mRNA greater than the non-injected controls (P < 0.05) 
and also to the B[a]P exposed animals (P < 0.01).
Considering the short-term exposure experiment, no differences were observed between 
control, vehicle control and exposed after 2 days (figure 4.7), compared to a slight 
decrease in CYPIA mRNA expression in exposed compared to control and vehicle 
control after 2 days, in the long-term exposure study (figure 4.6). However, a marked 
increase in expression was seen in exposed animals after 6  hours exposure, which 
subsequently declined back to control levels.
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Figure 4.6 Variation in putative CYPIA mRNA levels after exposure to B[a]P from 
digestive gland of M  edulis. Exposed to 2.5 pg B[a]P /g wet weight and 
sacrificed after 0, 2, 4 and 6  days. Vehicle was DMSO. Northern blots 
hybridised with O. mykiss CYPIK cDNA probe and standardised with 
methylene blue, n = 4, mean ± S.E.M. P values are shown in table 4.3.
Control Vehicle 2 
days
Vehicle 4 
days
Vehicle 6 
days
Exposed 2 
days
Exposed 4 
days
Exposed 6 
days
0 days NSD P < 0 .0 5 P <  0.005 P <  0.005 NSD P < 0 .0 1
6 days P < 0 .1 P < 0 .0 5 P < 0 .0 5 P <  0.005 P < 0 .0 1 P <  0.005
Vehicle 2 
days
P <  0.025
Vehicle 4 
days
P < 0 .0 1
Vehicle 6 
days
P <  0.005
Table 4.3 Statistical analysis of long-term B[a]P study shown in figure 4.6. NSD 
not statistically different (P >0.1).
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Figure 4.7 Variation in putative CYPIA mRNA levels after exposure to B[a]P from 
digestive gland of M  edulis. Exposed to 2.5 pg B[a]P /g wet weight and 
sacrificed after 6 , 12, 18, 24 and 48 hours. Vehicle was DMSO. Northern 
blots hybridised with O. mykiss CYPIK cDNA probe and standardised 
with methylene blue, n = 4, mean ± S.E.M. P values are shown in table 
4.4.
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Control Vehicle 6 
hours
Vehicle 12 
hours
Vehicle 18 
hours
Vehicle 24 
hours
Vehicle 48  
hours
0 hours NSD P < 0 .0 1 NSD NSD NSD
48 hours NSD NSD NSD NSD NSD
Control Exposed 
6 hours
Exposed 12 
hours
Exposed 18 
hours
Exposed 24 
hours
Exposed 48 
hours
0 hours P < 0 .0 5 NSD NSD NSD NSD
48 hours P <  0.025 NSD P < 0.05 P <  0.025 NSD
Vehicle 6 Vehicle 12 Vehicle 18 Vehicle 24 Vehicle 48
hours hours hours hours hours
Exposed 
6 hours
P < 0 .0 5
Exposed 
12 hours
P < 0 .1
Exposed 
18 hours
NSD
Exposed 
24 hours
NSD
Exposed 
48 hours
NSD
Table 4.4 Statistical analysis of short-term B[a]P study shown in figure 4.7. NSD
= not statistically different (P  > 0.1).
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4.2.3.2 Results of MFO system analysis
The results for total CYP450 content, the level of ‘418-peak’ (putative denatured 
CYP450) and B[a]P hydroxylase (total phenols) activity in digestive gland of M  edulis 
are presented in respectively figures 4.8 to 4.10. No differences were evident in any of 
the variables measured at any exposure time (P > 0.5 1-tailed t-test).
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Figure 4.8. Variation in microsomal total CYP450 content after exposure to B[a]P 
from digestive gland fromM edulis. Exposed to 2.5 pg B[a]P /g wet 
weight and sacrificed after 0 , 2  and 4 days. Vehicle was DMSO. n=5, 
mean ± S.E.M.
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Figure 4.9 Variation in microsomal '418-peak' content after exposure to B[a]P from 
digestive gland fromM edulis. Exposed to 2.5 pg B[a]P /g wet weight 
and sacrificed after 0, 2 and 4 days. Vehicle was DMSO. n=5, mean ± 
S.E.M.
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Figure 4.10 Variation in microsomal B[a]P hydroxylase activity (total phenols) after 
exposure to B[a]P from digestive gland fromM edulis. Exposed to 2.5 
pg B[a]P /g wet weight and sacrificed after 0, 2 and 4 days. Vehicle was 
DMSO. n=5, mean ± S.E.M.
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A3 MODULATION OF PUTATIVE CYPIA mRNA IN DIGESTIVE GLAND 
OF M  gaUoprovincialîs BY ORGANIC POLLUTION
The Venice lagoon is an area with many different sites and origins of pollution. The main 
Venice town, built on an island in the middle of the lagoon, has many canals running 
between the houses. These canals have, since the town was built, been used as the 
drainage and sewage system for the residents in the town. A number of the canals have 
been blocked off, which has affected the flow of water around the town and due to this 
change many other canals are filling up with sediment and other material. Other areas 
within the lagoon are heavily industrialised, with heavy shipping needing access to these 
sites. There are also less polluted areas within the lagoon, in which mussel farms have 
been set up.
The presence and effects of pollution within the lagoon is being extensively studied in a 
project commissioned by UNESCO (UNESCO Venice Lagoon Ecosystem Project and 
was funded in part by the Commission of the European Community Research Programme 
on the Fisheries Sector (FAR) contract, AQ 2 419 and UK Dept, of the Environment 
contract 7/7/386). This study provided an opportunity to examine the modulation of a 
CYPlA-like enzyme in digestive gland of M  galloprovincialis and its potential as a 
possible biomarker of exposure to organic pollutants such as PAHs and PCBs 
(Livingstone, 1991b). M  galloprovincialis were collected at several times of the year 
(trips 1 to 3) from various sites around the lagoon (figure 4.11) and also at a control site, 
which was in the middle of the Adriatic sea and was thought to be a site of decreased 
pollution with respect to the lagoon. The sites from the lagoon included collection from 
the industrial area of C. V.E and within Venice town itself. M. galloprovincialis (approx. 
5 cm ) were collected from the various sites and the digestive glands were dissected out, 
damp-dried, frozen in liquid nitrogen and stored at -70 °C. As well as measuring levels 
of putative CYPIA mRNA in digestive gland of M  galloprovincialis, other workers 
carried out analysis of CYPlA-related catalytic activities inM  galloprovincialis (i.e. 
B[a]P metabolism) and hepatic microsomes of the goby, Zosterisessor ophiocephalus (i.e.
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EROD activity) (Fossato et al., 1995; Livingstone et a l, 1995). Chemical analysis of the 
digestive gland of M  galloprovincialis was performed by Fossato et al. (1995) with the 
levels of PAHs, PCBs and UCM (unresolved complex mixture of aliphatic hydrocarbons 
being measured (Table 4.5).
Site UCM PAHs PCBs
Platform 98 ±50 36 ±21 29± 10
Salute 732 ± 669 208 ± 208 272 ± 67
Crevan 127 ± 8 6 40 ±25 31 ±14
C.V.E 242± 133 120± 104 221 ±29
Punta Sabbioni 135 ±71 43 ±19 38± 16
Torcello 131 ±96 21 ±14 29± 14
Table 4.5 Aliphatic, polyaromatic and chlorinated hydrocarbons in M  
galloprovincialis. Mean ± S.D. expressed in ng / g wet weight (Fossato 
etal ,  1995).
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Figure 4.11 Map of the Venice lagoon, indicating the position of the sampling sites.
1. CNR Platform (control).
2. Bunta Sabbioni (Lio Grande).
3. Isola di Crevan.
4. Canale di Torcello.
5. C.V.E (industrial).
6 . Punta Salute (domestic waste).
7. Alberoni (mussel farm)
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4.3.1 Venice lagoon field study, field trip 1 (June 19921
Total RNA was extracted (section 2.7) from digestive gland ofM  galloprovincialis after 
transportation back to England on dry ice. For each sample two digestive glands were 
used and for each sample site there were 4 samples, i.e eight digestive glands for each 
sample site. Northern blots (section 2.7.4) were prepared for each sample site and 
hybridised in the original hybridisation buffer with the O. mykiss CTPl A 1  probe (section 
2 .8).
4.3.1.1 Results of Venice field trip 1.
The results of the first field trip are given in figure 4.12. The levels of putative CYPIA 
mRNA vary between the sites, with Torcello having the greatest level and being 
significantly different ( P < 0.1) from the other sites. Platform, the control site had one 
of the lowest levels of CYPIA mRNA levels, although Punta Sabbioni was lower, these 
two sites are not statistically different (P > 0.1).
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Figure 4.12 Quantitation of CYPIA mRNA inM  galloprovincialis from the Venice 
lagoon (Field trip 1 - June 1992). RNA was extracted from the digestive 
glands of M  galloprovincialis from six sites around Venice lagoon. The 
RNA was analysed by Northern blot hybridised to the O. mykiss cDNA 
probe, n = 4, mean ± S.E.M. P values are given in table 4.6.
Crevan C.V.E Torcello Punta Salute Platform
Sabbioni
Crevan NSD P < 0 .1 P < 0 .1 NSD P < 0 .1
C.V.E P < 0.005 P < 0.005 P < 0 .0 1 P < 0.005
Torcello P <  0.005 P < 0.005 P < 0.005
Punta Sabbioni P < 0.05 NSD
Salute NSD
Platform
Table 4.6 Statistical analysis, using the 1-tailed t-test, of Venice field trip 1 variation
in CYPIA mRNA as shown in figure 4.12. NSD = not statistically
different (P >0.1).
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In addition to the CYPIA mRNA expression levels, measurements of microsomal 
CYPlA-like protein and B[a]P metabolism to free polar metabolites were determined 
(Table 4.7). Generally the CYPIA protein, mRNA and B[a]P metabolism all indicated 
greater pollutant impact at the Venice Lagoon stations than at the Adriatic sea station. 
Some correlation, described in table 4.8, was observed between the CYPIA mRNA levels 
and the levels of aliphatic hydrocarbons (r = 0.98), PAHs (r = 0.64) and PCBs (r = 0.68) 
in the tissues of the M  galloprovincialis, indicating a response to pollution, but 
discrepancies were also evident, indicating that other factors may be involved (Livingstone 
et al, 1995). A very good correlation (r = 0.99) is shown between CYPIA mRNA and 
total CYP450, which may mean that the CYP450 protein product translated from the 
CYPIA mRNA detected by the O. mykiss CYPIA probe is the main CYP450 constituent 
in these molluscs at this time.
169
Site
UCM fig 
g ’ dry
wt.
PAHs 
mmol g‘* 
wet wt.
PCBs 
mmol g'* 
wet wt.
CYP450 
pmol m g' 
protein
B[a]P 
metabolism 
pmol m in ' 
mg ' protein
CYPlA-like 
protein 
arbitrary units
Platform 339 149 185 57.4 ± 9 .6 1.25 ± 0 .61 5.97 ±  1.31
Crevan 622 132 189 63.9 ± 6 .1 4.05 ± 1 .2 6 ND
C.V.E 814 443 1461 65.9 ±  1.7 3.02 ± 0 .9 3 10.85 ± 3 .8 0
Table 4.7 Contaminant levels and MFO system components and activities in 
digestive gland of M  galloprovincialis from sites in the Adriatic sea and 
Venice Lagoon. UCM = Unresolved complex mixture of aliphatic 
hydrocarbons, mean ± S.E.M, n = 5 to 6 . ND = not determined. Data 
from Livingstone et al. (1995) (Field trip 1 - June 1992).
CYP450 B[a]P metabolism CYPIA mRNA
UCM r = 0.98 r = 0.71 r = 0.98
PAHs r = 0.65 r = 0.10 r = 0.64
PCBs r = 0.68 r = 0.15 r = 0.68
CYP450 r = 0.78 r = 0.99
B[a]P metabolism r = 0.83
CYPIA mRNA
Table 4.8 Correlation coefficients between mean values for CYP1A mRNA, CYP1A
protein, B[a]P metabolism and the various contaminant levels from 
digestive gland of M  galloprovincialis.
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4.3.2 Venice lagoon field study, field trips 2 (September 19921 and 3 (May 
19931
M  galloprovincialis were collected from various sites within the lagoon as shown in 
figure 4.11. The digestive glands were removed, snap frozen in liquid nitrogen and 
transported to England on dry ice and stored at -70 °C until required. The RNA was 
extracted from the digestive glands of M  galloprovincialis using the RNAzol kit (see 
section 2.7). Four digestive glands were used for each sample site, which were pooled 
for crushing under liquid nitrogen and four aliquots removed for RNA extraction.
The second Venice Lagoon field study (Field trip 2) took place in late September / early 
October 1992. This study obtained M  galloprovincialis from four sampling sites which 
were Punta Sabbioni, Crevan, C.V.E and Platform (the control site). The third Venice 
Lagoon field study (Field trip 3) took place in May 1993, obtaining M  galloprovincialis 
from 6  sample sites which were Crevan, Punta Sabbioni, Platform, Salute, Alberoni (M 
galloprovincialis farm) and C.V.E. Taking seasonal variation into account the results 
obtained from the first and third field studies should be the most comparable, as they were 
performed at similar times of the year.
Northern blots were prepared with 20 pg of RNA per sample and hybridised with the O. 
mykiss CLPIA probe in the Church and Gilbert hybridisation buffer, as described in 
sections 2.7.4 and 2.8. The membranes were washed to a moderate stringency (2 x SSC, 
0.1% SDS, room temperature for 45 minutes; 1  x SSC, 0 . 1 % SDS, 45 °C for 45 minutes; 
1 X SSC, 0 .1 % SDS, 50°C for 30 minutes with a final wash of 5 x SSC, room temperature 
for 5 minutes).
The filters were autoradiographed for 1 0  days at -70 °C and were developed using the 
automatic developer. The filters were standardised using the methylene blue technique 
described in section 2.8.6. Quantitation of the autoradiograph and membrane was 
performed using the scanning densitometer.
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4.3.2.1 Results for Venice study, field trips 2 and 3
The results for the Venice field studies 2 and 3 are presented in respectively, figures 4.13 
and 4.14. The variation between the various sites is still evident, but in the second field 
trip the sites that in the first field trip had the greatest putative CYPIA mRNA expression 
now have the least, and those that had the least now have the greatest (figure 4.12). The 
results to the third field trip are similar to those shown in the first field trip, as C.V.E 
(industrial site) indicates a greater putative CYPIA mRNA expression than Platform 
(control site), Punta Sabbioni and Salute. Unfortunately Torcello, which showed the 
greatest putative CYPIA mRNA expression levels in the first field study, was not sampled 
in the second and third studies, so comparisons for this site cannot be performed.
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Figure 4.13 Quantitation of CYP 1A mRNA in M  galloprovincialis from the Venice 
lagoon (Field trip 2 - September 1992). RNA was extracted from the 
digestive glands of M  galloprovincialis. The RNA was analysed by 
Northern blot hybridised to the O. mykiss cDNA probe, n = 4, mean ± 
S.E.M. P values are presented in table 4.9.
Site C.V.E Crevan Punta Sabbioni Platform
C.V.E NSD P = 0.10 P = 0.025
Crevan NSD P = 0.05
Punta Sabbioni NSD
Platform
Table 4.9 Statistical analysis (1 tailed t-test) of second Venice field trip results as
outlined in figure 4.13. NSD = not statistically different ( P > 0.1).
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Figure 4.14 Quantitation of CYP 1A mRNA in M. galloprovincialis from the Venice 
lagoon (Field trip 3 - May 1993). RNA was extracted from the digestive 
glands from M  galloprovincialis. The RNA was analysed by Northern 
blot hybridised to the O. mykiss cDNA probe, n = 4, mean ± S.E.M. P 
values are presented in table 4.10.
Site C.V.E Alberoni Salute Crevan Punta
Sabbioni
Platform
C.V.E N SD N SD N SD N SD NSD
Alberoni P = 0.05 N SD N SD N SD
Salute N SD N SD N SD
Crevan N SD N SD
Punta Sabbioni N SD
Platform
Table 4.10 Statistical analysis (1 tailed t-test) of third Venice field trip results as
outlined in figure 4.13. NSD = not statistically different ( P > 0.1).
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4.4 MODULATION OF CYP450 mRNAs IN A. mississippiensis
The American alligator {Alligator mississippiensis) is being exposed to many xenobiotics 
from the more than 2 0 0  chemical industries that discharge chemicals into this creature’s 
habitat (Jewell et al, 1989). Knowledge of how these reptiles adjust to this toxic insult 
is limited, but becoming important to investigate, because A. mississippiensis is a popular 
food source (Jewell et al, 1989). The population of A  mississippiensis in the Mississippi 
delta had decreased to a stage where they were protected by the United States 
government, but controlled farming of these reptiles has increased numbers so that they 
are presently out of danger of extinction. The animals used in this study were obtained 
from such a farm, for which a certain number every year are available for research 
purposes.
A. mississippiensis have a very slow metabolism compared to mammals and so the 
elimination and detoxication of xenobiotics is not rapid (Kirchin et al., 1991). The 
CYP450 system has been studied to a certain degree of detail in reptiles, but is mainly 
confined to the study of B[a]P metabolism (Jewell et al., 1989; Kirchin et al., 1991; 
Winston et al., 1991). The cross-species hybridisation technique was used to investigate 
the expression of a number of C7P450 genes within the liver of mississippiensis, with 
a view to using the technique as a tool to estimate the extent of pollution to which these 
creatures are exposed to in the environment in which they live. A total of thirty-two, 
seven month old alligators (approximately 1 kg weight) were made available from the 
wildlife refuge which were maintained on a diet of raw meat (fed 5% of body weight five 
times a week) and kept in the dark at 30°C in metal cages. The cages were tilted so that 
two-thirds of the floor was submerged in clean water. These conditions were established 
to encourage maximum growth of immature alligators under captive conditions (Joanen 
and McNease, 1987).
The animals were separated into three groups of which each group was exposed to a
mammalian classical CYP450 inducer. The inducers used were PB (inducer of certain
members of the CYP2 family, (Nebert and Gonzalez, 1987)), 3-MC (inducer of CYPIA
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(Gonzalez, 1989)) and clofibrate (inducer of CYP4A family (Kimura et a l, 1989a; b)), 
with the appropriate controls of com-oil and phosphate buffered saline (PBS, pH 7.4). 
As PB and 3-MC were deemed the most important of the three inducers for this study, 
three alligators were used for each time point and only one alligator for each of the two 
time points to be exposed to clofibrate. This was due to the findings that lauric acid 
hydroxylase, an activity of mammalian CYP4A1, was not induced by clofibrate exposed
A. mississippiensis (Winston etal,  1991).
PB was dissolved in PBS and administered at a dose of 40 mg/kg. Clofibrate and 3-MC 
were dissolved in com oil at a dose of 250 and 45 mg/kg respectively. The treatments 
were administered to the alligator by an injection into the right hand side of the tail region. 
The animals were sacrificed by decapitation at the time points and the numbers outlined 
in table 4.11. The livers were removed, rinsed and cut into Icm  ^pieces before being snap- 
frozen in liquid nitrogen and stored at -70°C.
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6 hours 11 hours 24 hours 48 hours 72 hours
Control (n=l)
Com oil (n=l)
PB (40 mg/kg) (n=3) (n=3) (n=3) (n=3) (n=3)
3-MC (45 mg / kg) (n=3) (n=3) (n=3) (n=3) (n=3)
Clofibrate (250 mg / kg) (n=l) (n=l)
Table 4.11 Times at which the animals (A. mississippiensis) were sacrificed after 
exposure to the three types of mammalian 'classical' inducers. (n=) number 
of animals used for each of the time points. PB = phénobarbital and 3-MC 
= 3- methylcholanthrene.
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When dissecting the animals it was noticed that the com oil that had been used as a vehicle 
for clofibrate and 3-MC, had not visibly reached the left lobe of the liver, but had reached 
the right lobe after 6  hours. This called into question whether the treatments had actually 
reached the left lobe of the liver. Due to this finding RNA was extracted from both sides 
of the liver separately to investigate whether it had reached one side and not the other. 
It is also necessary to point out that the left lobe of the liver could be removed easily, but 
the right lobe took longer to remove due to the logistics, so the RNA may be more 
degraded on the right hand side.
RNA was extracted using the RNA-stat 60, the American equivalent of the RNAzol 
solution. Northern blots were produced whilst in America, using vertical gel tanks and 
20 pg of RNA per sample. The blots were transported back to Surrey for hybridisation. 
These blots were not successful, being contaminated with genomic DNA from the 
extraction procedure and no hybridisation signal, except to the contaminating genomic 
DNA. Tissue was subsequently transported to England in dry ice and RNA was extracted 
using the RNAzol kit obtained from England. RNA was produced from the left and right 
lobe of each of the study animals livers and were kept separate when electrophoresed.
The Northern blots produced from the RNA extracted from A. mississippiensis exposed 
to PB were hybridised to the human CZP2B, CYPIC, CYP2D and CYP2E cDNA probes. 
The Northern blots prepared using the RNA extracted from A. mississippiensis exposed 
to 3-MC and clofibrate were hybridised using the Church and Gilbert hybridisation buffer 
to the O. mykiss CYP\A\ cDNA and the rat CTP4A1 probes respectively as described in 
sections 2.7.4 and 2.8. Positive controls for each of the probes was l//g of the 
corresponding plasmid spotted onto the comer of a filter. All were hybridised in the 
Church and Gilbert hybridisation buffer as described in section 2.8.3 and washed to the 
same moderate stringency ( 2  x SSC, 0 . 1 % SDS, room temperature for 4 5  minutes; 1 x 
SSC, 0.1% SDS, 40°C for 45 minutes; 1 x SSC, 0 .1 % SDS, 50°C for 30 minutes with 
a final wash of 5 x SSC, room temperature for 5 minutes).
The filters were autoradiographed for 10-12 days at -70 °C and developed using the
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automatic developer. Methylene blue dye was used to stain the RNA, in order to 
standardise the RNA loading (see section 2.8.6). The signals were quantitated using the 
scanning densitometer. Details of the cDNA probes used are given in section 2.2.6.
4.4.1 Results of the exposure of A. mississippiensis to classical mammalian 
inducers of CYP1A. CYP2 and CYP4A
The results for each of the exposure studies are shown in the following figures as follows: 
Figure 4.15 a. CYPlAl with left and right lobe separate:
b. CYPlAl with left and right lobes data combined:
Figure 4.16 a. CYP2B with left and right lobe separate:
b. CYP2B with left and right lobe data combined:
Figure 4.17 a. CYP2D with left and right lobe separate:
b. CYP2D with left and right lobe data combined:
Figure 4.18 a. CYP2E with left and right lobe separate:
b. CYP2E with left and right lobe data combined:
Figure 4.19 CYP4A with left and right lobe data combined:
The results reveal no clear statistical evidence of increased CYP450 expression response 
to exposure to the inducers. The RNA obtained for the A. mississippiensis exposed to 
3-MC and hybridised with the O. mykiss CTPIA cDNA (figure 4.15) revealed an 
increased expression in both the right lobe and the left lobe after 48 hours post-injection, 
although this difference is not statistically different fi'om the control level (P > 0.1). There 
is however a significant drop in expression after 11 hours. There does not seem to be a 
difference between the left and the right lobe.
The results obtained from the Northern blots of PB treated A. mississippiensis liver 
hybridised with the human CYP2B probe are not clear and show no general trends (figure 
4.16). Two of the samples (left lobe at 6  hours and the right lobe at 48 hours) are not 
consistent with the other samples, which, if these samples where ignored, then there would 
be a general trend of increased expression of the CYP2B mRNA in the induced liver, and
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in particular, the left lobe. In the case of PB, the inducer was not dissolved in corn oil, 
so the problem of the corn oil only reaching the right lobe of the liver is not in question. 
The Northern blots probed with the human CYP2C probe did not produce a signal 
suggesting that a similar gene or its mRNA may not be present in the alligator RNA (data 
not shown). When the human CYP2D probe was hybridised to PB-induced alligator 
RNA there was evidence of modulation of a gene similar to that of mammalian CKP2D 
(figure 4.17). Maximal levels were obtained at 24 hours in the left lobe of the liver and 
the increased levels were maintained throughout the 72 hour period. As with CYP2B, 
when the Northern blots were hybridised with the human CTP2E, no clear induction 
response was obtained (figure 4.18). If only the left lobe is taken into account, then 
induction is seen with a maximum at 24 hours, but with the two lobes combined the 
expression does increase slightly to a maximum at 48 hours, but the control level is higher 
than the exposed level at 6  hours. The Northern blots hybridised with the CTP4A cDNA 
probe do not show any clear indication of induction (figure 4.19).
Figure 4.14a Autoradiographs of exposed alligator total RNA hybridized with 
radiolabelled mammalian CYP450 probes. The lanes are duplicate samples 
taken at 24 hours post-injection of each of the following:
A. 3-MC exposed alligator total RNA hybridised with 0. mykiss CYP1 A 1
B. PB exposed alligator total RNA hybridised with human CYP2B
C. PB exposed alligator total RNA hybridised with human CYP2D
D. PB exposed alligator total RNA hybridised with human CYP2E
E. Clofibrate exposed alligator total RNA hybridised with rat CYP4 A 1
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Figure 4.15 Alligators (A. mississippiensis) exposed to 3-methylcholanthrene (3-MC) 
and sacrificed 6  to 72 hours post injection. A. RNA was extracted from 
the left lobe and the right lobe of the liver. B. RNA was extracted from 
both lobes of the liver, combining the data obtained from the Northern 
blot. The RNA was analysed by Northern blot and hybridisation to the 
trout CYPlAl probe. Mean ± S.E.M. (n=3 except the control where 
n=l) P values are shown in table 4.12.
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6 hours 11 hours 24 hours 48 hours 72 hours
6 hours NSD NSD NSD NSD
11 hours p = 0.1 p = 0.05 p =  0.025
24 hours NSD NSD
48 hours NSD
72 hours
Table 4.12 Statistical analysis (1 tailed t-test) of mRNA from 3-MC exposed A.
mississippiensis as detailed in figure 4.15. NSD = not statistically 
different (P > 0 . 1 ).
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Figure 4.16 Alligator (A. mississippiensis) exposed to phénobarbital (PB) and 
sacrificed 6  to 72 hours post injection. A. RNA was extracted from the left 
lobe and the right lobe of the liver. B. RNA was extracted from both 
lobes of the liver, combining the data obtained fi'om the Northern blot. 
Analysis by Northern blot hybridised to the human C YP2B probe. Mean 
± S.E.M. (n=3 except control where n=l). Values were not statistically 
different at the P = 0.1 level
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Figure 4.17 Alligator (A. mississippiensis) exposed to phénobarbital (PB) and 
sacrificed 6  to 72 hours post injection. A. RNA was extracted from the 
left lobe and the right lobe of the liver. B. RNA was extracted from both 
lobes of the liver, combining the data obtained from the Northern blot. 
Analysis by Northern blot hybridised to the human CYP2D probe. Mean 
± S.E.M. (n=3 except control where n=l). Values were not statistically 
different at the p = 0 . 1  level.
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Figure 4.18 Alligator (A. mississippiensis) exposed to phénobarbital (PB) and 
sacrificed 6  to 72 hours post injection. A. RNA was extracted from the 
left lobe and the right lobe of the liver. B. RNA was extracted from both 
lobes of the liver, combining the data obtained from the Northern blot 
Analysis by Northern blot hybridised to the human CYP2E probe. Mean 
± S.E.M. (n=3 except control where n=l) Values were not statistically 
different at the p= 0 . 1  level.
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Figure 4.19 Alligator (Æ /w/5 '5 /5 5 //7/?/e«5 /5 ') exposed to clofibrate and sacrificed 11 and 
24 hours post injection. RNA was extracted from the left lobe and right 
lobe of the liver and combined. Analysis by Northern blot hybridised to 
the rat CYP4A1 probe. n=l
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4^  DISCUSSION
4.5.1 Mytilus sp. studies
Studies of the response of the invertebrate MFC system to xenobiotics has produced 
varying results, but generally is indicated to be less inducible than vertebrate and insect 
systems (Livingstone and Stegeman, 1989; Livingstone, 1991b). The induction response 
of putative CYPl A in molluscs has been observed both in field and laboratory experiments 
most recently by Michel (1994) and Narbonne et al. (1995) in which M  galloprovincialis 
was exposed to 0.02 pmoles B[a]P per mussel and to organic hydrocarbon-contaminated 
sediment, respectively. Many other induction experiments have been reported, using, for 
example, 3-MC, B[a]P and Aroclor in the oyster, Crassostrea virginica (Anderson, 1978), 
diesel oil in M  edulis (Livingstone et a l, 1985; Livingstone 1987; 1988), B[a]P, 
hexachlorobiphenyl and PB in M. galloprovincialis (Galli et al., 1988; Suteau et al, 
1988). Induction response has been investigated in/I. rubens by Den Besten et al. (1993) 
in which three PCB congeners were used, these being 3,3,’,4,4',5-pentachlorobiphenyl 
(CB-126), 2,3',4,4',5-pentachlorobiphenyl (CB-118) and 2,2',4,4',5,5'-hexachlorobiphenyl. 
Only CB-126, a 3-MC type inducer, caused an induction of B[a]P hydroxylase activity in 
the pyloric caeca at a concentration of 2  mol./kg, but this same congener caused an 
inhibition of B[a]P hydroxylase activity at the higher concentration of 20 mol./kg. 
Induction of CYPl A in fish has been investigated extensively using mRNA, protein and 
enzyme activity as markers (Stegeman and Kloepper-Sams, 1987; Haasch et al., 1993; 
Van den Weiden et al., 1993). The induction of CYPl A was observed in response to 
various organic xenobiotics, for example, B[a]P, PCBs and dioxins (Gooch et al., 1989; 
Stegeman and Kloepper-Sams, 1989; Cooper et al., 1990). The time course of induction 
of CYPl A in response to B[a]P and p-naphthoflavone inF. heterclitus, O. mykiss and 
Hudson river tomcod occurred between 6  and 26 hours post-injection and returned to 
basal levels by 72 hours (Haasch et al., 1988; Kloepper-Sams and Stegeman, 1989; 
Kreamer et al., 1991; Wirgin et al., 1992). The time course of induction in molluscs and 
fish is slow compared to mammals, which for example rats can show increased expression 
of CYP4A after one hour post-injection of the hypolipidejtmic drug, clofibrate (Hardwick
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et al, 1987). The time-course of the induction response varies, the extremes of which are 
clear in the study using M  galloprovincialis injected with B[a]P (Michel, 1994) which 
revealed increased B[a]P metabolites within the digestive gland eight hours post-injection 
and a B[a]P biological half life of one day, whereas M  galloprovincialis exposed to a 
PCB mixture showed the xenobiotic having a biological half-life of nine days (Suteau et 
al, 1987).
The first exposure experiment in this study utilized the mammalian CYP450 mixed-type 
inducer, PCB (CB-138). The time-course of exposure was four days. Analysis of the 
CYPl A mRNA expression by Northern blotting did not reveal any significant increase in 
the level of expression. The time course of this experiment may mean that the mRNA 
expression may have reached a maximum at 6-48 hours post injection and subsequently 
decreased by the time the animals were sacrificed after 4 days. This is consistent with the 
induction response of CYPl A mRNA expression to exposure to p-naphthoflavone in F. 
heteroclitns, where the mRNA rise takes place at 24 hours and returns to basal levels at 
48 hours (Kloepper-Sams and Stegeman, 1989), but as previously discussed PCB 
congeners seem to take longer in eliciting a response in molluscs and fish (Suteau et al, 
1987; Gooch et al, 1989). The results for the CYPl A protein fi'om digestive gland of M  
galloprovincialis quantitation provide good evidence that PCB (CB-138) does in fact 
cause an induction response inM galloprovincialis with a significant increase at the 0.05 
level for a one-tail t-test and an induction of just under two-fold between the vehicle 
control and the exposed samples. The protein rise in F. heteroclitns had a lag-time of 12 
hours over the mRNA (Kloepper-Sams and Stegeman, 1989) so if the mollusc had 
obtained maximum CYPl A mRNA expression after 48 hours the resultant increase in the 
CYPl A protein would be seen after four days if the lag-time was similar to that observed 
in fish. Total polar metabolites of microsomal B[a]P were also measured with the results 
revealing a decrease in MFO activity. These results are contradictory, but may indicate 
that PCB (CB-138) is causing an effect on the protein that the Western blot antibody is 
cross-reacting with, which is not the same protein that catalyses B[a]P metabolism, several 
CYP450S have been indicated in molluscs (Peters and Livingstone, 1995). Another 
explanation for these results could be that the PCB congener is inhibiting the activity of
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the putative CYPl A protein; this phenomenon has previously been described in fish for 
the PCB congener 3,3',4,4'-tetrachlorobiphenyl which acted as a competitive inhibitor of 
EROD activity (Gooch et al, 1989; Boon et a l, 1992). 3,3',4,4'-tetrachlorobiphenyl and 
B[a]P, but not 2,2', 4,4', 5,5'-hexachlorobiphenyl have however been shown to increase 
CYP450 content and B[a]P hydroxylase activity in digestive gland of M  
galloprovincialis after 48 hours continual exposure to 0.4 and 0.7 mol./l/mussel (Michel 
etal ,  1993).
The B[a]P induction experiment was set up in order to investigate induction of the 
CYPl A system of mussel further. The 2 week time-course study was unfortunately 
interrupted by spawning and subsequent death of a significant number ofM  edulis, but 
it is probable that the mRNA and enzyme induction response to the B[a]P would have 
occurred during the first few days of the experiment before high mortality occurred. No 
induction response was seen in this study in response to the inducing compound B[a]P, 
either by analysis of the CYPl A mRNA expression levels or of B[a]P metabolism. In fact 
the B[a]P exposed M  edulis showed a slight decrease in CYPl A expression, although this 
is not statistically significant (P > 0.1). Total P450 and '418-peak' content and B[a]P 
hydroxylase activity were measured for this study by the PML Molecular Toxicology 
Group, the results of which showed no modulation in response to B[a]P exposure. The 
two day B[a]P exposure study revealed a two-fold induction of CYPl A mRNA 
expression six hours post-injection but this was not maintained, as expression dropped 
to the control levels by twelve hours. This time-lag between injection and induction of 
mRNA expression is not uncommon, in fact increased CYPl A mRNA expression has been 
shown in fish to occur about six to eighteen hours after a single dose of B[a]P or P- 
naphthoflavone (Haasch et al, 1988; Kloepper-Sams and Stegeman, 1989; Kreamer et 
al, 1991; Wirgin et a l, 1992). This response, however, is usually maintained until 48 - 
72 hours, whereas in this case it may last 11 hours before decreasing to control levels. 
Unfortunately the B[a]P hydroxylase, '418-peak' or total P450 measurements were not 
performed on the samples for the short term B[a]P exposure study, so the induction 
response shown in the mRNA expression cannot be verified by other measurements. The 
production of the protein product of the putative CYPl A mRNA would start shortly after
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transcriptional activation and activation in view of the half-life of the protein would 
probably have caused elevated levels of enzyme activity and protein quantity that would 
have been evident in the two day sample from the long term study. To conclude, there 
is still doubt as to whether an induction response is observed withM edulis using model 
compounds and if so, what is the time-scale of the response. It would be useful to 
investigate the increased CYPl A expression at six hours further using the Western blot 
analysis and the B[a]P hydroxylase assay.
Affects of B[a]P exposure in molluscs and other invertebrates has been studied including 
work on A. rubens by Den Besten et al. (1993), who revealed a clear dose-dependent 
increase in B[a]P hydroxylase activity following administration of 2 - 160 mol. / kg B[a]P. 
The study performed by Den Besten et al. (1993) also showed that the increase in B[a]P 
hydroxylase activity was statistically different from the control 4 days after the single dose 
of B[a]P (40 mol./kg). The total concentration of CYP450 had not changed at this time 
interval, although it has been shown that CYP450 is involved in the B[a]P hydroxylase 
activity using carbon monoxide, SKF-525A and other CYP450 inhibitors (Den Besten et 
al., 1991). B[a]P exposure has also been shown to increase total CYP450, epoxide 
hydrolase, NADPH cytochrome c (P450) reductase and glutathione-*S'-transferase activity 
in the microsomal protein of whole mussel at an exposure concentration of 0.4 
mol./l/mussel/48 hours (Michel etal ,  1993).
The modulation of the MFO system in molluscs using field experiments have been 
investigated, again with varying results. ^oXéetal. (1995b) used A/, galloprovincialis 
obtained from a polluted and a non-polluted site along the east coast of Spain. The results 
from this study indicated a greater level of digestive gland microsomal total CYP450 and 
the ‘418-peak’ in the polluted site. Using microsomes from the digestive glands of the 
molluscs, M. edulis and L. littorea, Livingstone (1988) observed increases in digestive 
gland CYP450 content, NADPH-cytochrome c (P450) reductase activity and ‘418-peak’ 
content, when the organisms were impacted with organic pollution in LangesundQord. 
Interestingly Livingstone (1988) also observed a decrease in the A maximum of CYP450 
complexed with CO, suggesting the synthesis of isoenzymes of CYP450, possibly the
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CYPl A isoenzyme. Increased CYP450 total content has recently been described in the 
molluscs D. trunculus and A. Gibbosula following an oil spill (Yawetz et a l, 1992). 
B[a]P hydroxylase activity has been used to investigate pollution in the field. Garringues 
et al. (1990), Narbonne et ût/. (1991) and Michel (1994) have all detected good correlation 
between digestive gland B[a]P hydroxylase activity inM  galloprovincialis and PAH 
content in the sediments along the French Mediterranean coast. Other invertebrates that 
have been studied have shown increased B[a]P hydroxylase activity, including the 
scleractinian coral Flavia fragrum (Gassman and Kennedy, 1992) and A. rubens 
(Everaarts et al., 1994). The use of the putative CYPl A mRNA expression has as yet not 
been investigated in molluscs in response to field exposure to environmental pollutants. 
CYPl A mRNA expression, activity and immunoreactive properties has however been 
used to study pollution impact in fish (reviewed by Goksoyr, 1995). The investigation 
into the use of CYPl A mRNA as a potential biomarker is less extensive than the use of 
CYPl A enzyme activity, but a number of studies have been performed, for example, 
Kreamer et al. (1992) measured CYPl A mRNA expression in Hudson River tomcod 
{Microgadus tomcod) from the Hudson river and observed higher levels of expression 
with respect to tomcod caught in a river in Maine. Renton and Addison (1992) used 
CYPl A mRNA expression to study the effects of chemical exposure in Limanda limanda 
in the North Sea.
To assess the use of CYPl A mRNA expression in molluscs as a potential biomarker of 
pollution it was necessary to investigate whether the cross-species hybridisation technique 
outlined in chapter 3 of this thesis was sensitive enough to detect changes in expression 
using environmental concentrations of xenobiotic inducer. The study in Venice aimed to 
produce a pollution profile of the Venice lagoon using a number of physicochemical and 
biological measurements from bothM galloprovincialis.
CYPl A mRNA expression in digestive gland of M. galloprovincialis was monitored on 
three occasions. The results vary between the sampling dates, which may be due to the 
season, or to the fact that induction responses are only short-term in the case of CYPl A 
mRNA expression. Constant exposure to modulating xenobiotics would be expected in
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an area such as C. V.E, where industrial waste and diesel from boats is always present and 
the digestive glands of the mussels obtained from this site were found to have high levels 
of unresolved complex mixture of aliphatic hydrocarbons, PAHs and PCBs as compared 
to Platform and Crevan (Livingstone et al., 1995). This was not the case in the second 
Venice field trip, where M  galloprovincialis from C.V.E showed the lowest expression 
of the putative CYPlAl mRNA and Punta Sabbioni and Platform showed the highest. 
This does not correlate with the levels of aliphatic hydrocarbons or PCBs in the tissues 
of these animals (Fossato et al., 1995). This could be due to the increased exposure of 
the other sampling sites to inducing chemicals which were not detected in the digestive 
gland of the mussel, with the C.V.E site remaining the same, but it seems unlikely that all 
other sites would be highly polluted at the same time. This contradictory result could also 
be due to bad sampling techniques with degradation of this sample and therefore lack of 
hybridisation signal, but analysis of the RNA on an agarose gel and visualisation with 
ethidium bromide and UV light showed no specific degradation of the C.V.E sample. 
Another possibility is that it is related to dififerent seasonal cycles of CYPl A change in the 
different populations (see chapter 3).
In the case of Venice 1 and Venice 3 trips, C.V.E was shown to have one of the highest 
expression levels of the putative CYPlAl mRNA expression, which correlates with the 
higher B[a]P metabolism and the CYPl A-like immunoreactive protein observed in these 
animals (Livingstone et al., 1995). Correlation has also been observed between these 
measurements and the presence of aliphatic hydrocarbons in the digestive gland 
(Livingstone et al., 1995).
The first and the last field studies show similar profiles, with Platform, Punta sabbioni. 
Salute and, to a certain extent, Crevan having similar expression levels, with C.V.E being 
higher than the others. Alberoni was sampled in the third study in place of Torcello, so 
correlation could not be shown with these two sites. The fact that these two sampling 
times gave similar profiles in CYPl A mRNA expression at the same time of year in two 
separate years argues for the fact that seasonality plays a major role in modulation of 
CYPl A mRNA. Seasonality was also observed in the immune response of M.
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galloprovincialis measured by phenol oxidase and peroxidase activity of haemocytes from 
the same collection of samples as those described in this chapter (Pipe et a l, 1995). The 
seasonal study presented in chapter 3 of this thesis indicates maximum expression of 
CYPl A mRNA at the time of year at which the first and third Venice field trips were 
performed, i.e. May and June. The expression of CYPl A mRNA shows a decline to 
September when the Venice field trip number 2 was conducted. The similar profile of 
CYPl A mRNA expression in two of the three studies also indicates that the population 
differences of CYPl A expression are real, as repeats would not be possible if the 
differences were artifacts. In general the results of this field study are indicative of the 
existence of a CYPl A-like enzyme inM  galloprovincialis and argue for further study to 
investigate its biomarker potential.
4.5.2 A. mississippiensis studies
CYP450 has been investigated in the liver of a number of reptiles including the garter 
snake (Thamnophis) and/I. mississippiensis revealing microsomal CYP450 content of
0.30 and 0.38 nmol/mg protein, respectively (Walker and Ronis, 1989). Based on these 
figures reptiles have a lower CYP450 content than mammals which have 0.8 - 1.9 
nmol/mg protein (Walker and Ronis, 1989). Induction of the hepatic MFO system has 
been observed in A. mississippiensis using 3-MC, by measuring AHH and EROD 
activities. The increase in these activities was accompanied by a blue shift in the A 
maximum of CYP450 complexed with CO (Jewell et al, 1989). 3-MC induction has also 
been reported in the garter snake (Schwen and Mannering, 1982 a & b).
The experiments performed using 3-MC treated A. mississippiensis revealed that the 0. 
mykiss cDNA probe did indeed hybridise with the mRNA from this organism. This result 
is consistent with the indicated orthologue of mammalian CYPl A being present in the 
alligator using Western blot analysis in which a protein band of about 50 kDa in 3-MC- 
pretreated alligator microsomes was shown to cross-react with both a polyclonal antibody 
to rabbit CYP1A2 and a monoclonal antibody to scup CYPl A (Jewell et a l, 1989). 
Metabolism consistent with the presence of CYPl A being present in A. mississippiensis
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has also been observed, i.e. B[a]P metabolism, although the levels were reduced 
compared to rat (Kirchin et al, 1991). Induction of the putative CYPl A protein by 3-MC 
has been observed by Jewell et al. (1989) using Western blot analysis, in which the protein 
band, described above, was induced three-four fold. This experiment however used three 
consecutive doses of 35 mg/kg of 3-MC every twenty four hours, with sacrifice of the 
animals twenty four hours after the last injection. The study of the CYPl A mRNA 
expression described in this thesis used a single injection, and did not show any definite 
induction of the putative CYPl A mRNA. There was however an increase in expression 
of CYPl A at twenty four hours after an initial drop, which could be due to the slow 
metabolism of the animal (Kirchin etal,  1991).
The alligators exposed to PB were analysed using a total of 4 different CTP450 probes,
i.e. CYP2Q, CYP2C, CYP2D and CEP2E. The Northern blots hybridised with the CYP2C 
probe produced no signal suggesting that a similar gene or its mRNA may not be present 
in the alligator. This lack of hybridisation signal may be due to the nucleotide sequence 
similarity being too low for this technique. It is known that the CYP2C family diverged 
late in evolution and has been isolated from higher vertebrates such as rabbit, rat and 
humans (Nelson et al., 1993), so it is indicated from the evolutionary aspect that reptiles 
would not contain this gene family. This family is shown to be mainly constitutively 
expressed with some being PB-inducible (Nebert and Gonzalez, 1987), so if the family 
was present and constitutively expressed a signal would have appeared. The lack of signal 
was not due to technical problems as the positive control on the filters was successful.
When the human CYP2D probe was hybridised to PB-induced alligator RNA, there was 
evidence of modulation, although there was not a clear statistical difference. Maximal 
levels were obtained at 24 hours in the left lobe of the liver and the increased levels 
were maintained throughout the seventy two hour period. This however contradicts the 
finding that in rodents and man the CYP2D family is not induced by PB (Nebert and 
Gonzalez, 1987). The result may be due to the fact that this probe is hybridising to 
another CYP2 gene which is induced by PB. Whichever gene family this probe is 
hybridising to, it is strong evidence that a PB-inducible form of CYP450 is present in A
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mississippiensis.
As with CYP2B, when the Northern blots were hybridised with the human CYP2E, no 
clear induction response was obtained. It is very difficult to interpret any of the results 
with only one animal used for control. It is not possible to conclude that induction has 
taken place when the control level is high.
It can be concluded that the different CYP2 family probes used in this study are 
hybridising to multiple forms of CYP2 in A mississippiensis, as the pattern of expression 
is different for each of the isoforms studied. This also lends evidence to the fact that these 
probes are not non-specifically hybridising to ribosomal RNA, as variation in the 
hybridisation signal would not be observed if this were the case.
With only one clofibrate induced^, mississippiensis used for each time point in this study 
it is impossible to produce any firm conclusion for the Northern blot hybridised with the 
rat CZP4A1 probe. The results do not show clear induction, which is consistent with 
the observed lack of lauric acid hydroxylase induction observed (Winston, G.W. pers. 
comm.).
4.5.3 Concluding comments
Considering the studies described on Mytilus sp. and A. mississippiensis as a whole, 
there is growing evidence that the technique of cross-species hybridisation could be used 
as a biomarker of pollution. As yet identification of the exact chemical causing induction 
of the CYPl A orthologue m Mytilus sp. is not clear, although further investigation into 
the classical mammalian inducers is necessary to fully determine if induction of CYPl A 
mRNA takes place. The Venice field studies clearly show that modulation of the putative 
CYPl A mRNA inM galloprovincialis can be observed using Northern blot analysis with 
a vertebrate CZPl A probe. It is also possible to state that modulation can be observed 
using environmental concentrations of the inducing pollutant, which is very important 
when considering to use this technique as an environmental biomarker. The extension of
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the cross-species hybridisation technique to study the CYP450 expression levels in A. 
mississippiensis was not successful. Only CYP2D showed strong evidence for the 
induction of this isoform in/f. mississippiensis, although this can not be stated for definite 
due to the problem of having only one animal for the control. Further study is required 
in this area using an experimental design which can allow definitive conclusions to be 
made.
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CHAPTERS
STRUCTURE OF CFP450 GENES TN MYTILUS sp.
M  INTRODUCTION
The aim of this study was to identify gene sequences coding for CYP450s that may be 
present and expressed mM.edulis as indicated by the Northern blot analysis findings of 
Chapter 3. These experiments were performed for two reasons, which were: a) to gain 
an understanding of the CYP450s present mM.edulis, and b) so as to obtain dmM.edulis 
specific probe for the hybridisation techniques, such as Northern blotting and Southern 
blotting, which would enable full optimisation of the use of the CYPl A mRNA induction 
response as a biomarker of organic pollution (Livingstone, 1994; Livingstone et a l, 1994; 
1995).
The identification of CYP450s mM.edulis was also attempted by Spry (1991), using the 
newly developed technique of PCR. The dissertation prepared by Dr. A. Spry stated that 
the primers made for the PCR reactions, using the O.mykiss C7PlAl sequence as a 
template, would produce a fi'agment of 157bp and that for the primers prepared using rat 
CYP4A1 nucleotide sequence as a template would produce a DNA fragment of 207bp if 
the respective C7P450 cDNA containing plasmids were used as the template in the PCR 
reaction. Computer analysis reveals that the opposite is true, CYPlAl should produce 
a fi*agment of207bp and CYP4A1 should produce a fragment of 157bp (see figures 5.1 
and 5.2). The primers used by Dr. Spry in his studies were subsequently used in this 
study, the sequences of which are shown in table 2.5, section 2.9.
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1 MVLMILPIIGS v s  ASEGLVAMVTLCL VYMIMKYMHTEIPEGLKRLPGPK
50 PLPIIGNVLEVHNNPHLSLTAMSERYGSVGQIQIGMRPVVVLSGSETVRQ 
100 ALIKQGEQFAGRPDLYSFKFLNDGKSLAFSTDKAGVWRARRKLAMSALRS 
150 FATLEGTTPEYSCALEEHVCKEGEYLVKQLTSVMDVSGSFDPFRHIVVS V 
200 ANVICGMCFGRRYSHDDQELLGLVNMSDEFGQVVGSGNPADFIPILRYLP 
250 NRTMKRFMDINDRFNTFVQNIISEHYESYDKDNIRDITDSLIDHCEDRKL 
300 DENANIQVSDEKIVGIVNDLFGAGFDTISTALSWAVVYLVAYPEIQERLH 
350 QELKEKVGMIRTPRLSDKINLPLLEAFILEIFRHSSFLPFTIPHCTIKDT 
400 aNGYFIPKDTCVFINQWQVNHDPDLWKEPSSFNPDRFLSADGTELNKLE 
450 GEKVLVFGMDKRRQGEAIGRNEVFLFLAILLQRLRFQEKPGHPLDMTPE 
500 YGLTMKHKRCQLKASMRPWGQEE
B
CYPl A Forward Primer
GACACATCCCTCAATGGCTACTTCATTCCCAAGGACACCTGTr;TrTTrATrA
ACCAGTGGCAGGTCAACCATGACCCGGACCTGTGGAAGGAGCCTTCTTCATT
CAACCCTGACCGTTTCCTGAGTGCTGATGGCACAGAACTCAACAAATTGGAG
GGGGAGAAAGTGCTCGTATTCGGCATGGACAAGCGCrGCTGCATCGGTGAG
CYP 1A Reverse Primer
Figure 5.1 A. Deduced amino acid sequence of O. mykiss CYPlAl cDNA starting with
the first methionine residue (Heilmann et al, 1988). The oligonucleotide 
primers used in the following PCR reactions are bolded and underlined in the 
amino acid sequence.
B. Nucleotide sequence of the Forward and Reverse Primers used in the 
PCR reactions to follow are highlighted and underlined with the O. mykiss 
nucleotide sequence that would be amplified by them.
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1 
51 
101 
151 
201 
251 
301 
351 
401 
451 
501 
551 
601 
651 
701 
751 
801 
851 
901 
951 
1
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
GGÂTGGTTCT
GGGCTGGTGG
CATGCÂCACA
CCCTTCCCAT
AGCCTGACTG
AGGGATGCGG
CTCTTATCAA
TTCAAATTCA
TGGGGTGTGG
TCGCCACACT
CACGTCTGCA
GGATGTCAGT
CCAACGTCAT
CAGGAGCTGT
GGGCAGCGGC
ACCGCACCAT
GTGCAGAATA
CCGTGACATC
ANGAGAACGC
AATGATCTGT
GGCTGTTGTG
AGGAACTGAA
AAAATCAACT
CTCTTCCTTC
CCCTCAATGG.
TGGCAGGTCÀ
CCCTGACCGT
GGGAGAAAGT
GCCATCGGAC
GCTGCGCTTC
ACGGCCTCAC
CCATGGGGGC
ATCACTATAA
GAGTTCAGAT
GGCTTGACAC
TGAGTCAAAT
TGTAGGGGGA
TCATAGAGTG
AGTTTGTCAG
AGCTGCCTTT
CATGATACTA
CCATGGTAAC
GAGATCCCTG
CATCGGGAAT
CCATGAGCGA
CCTGTGGTTG
GCAAGGGGAA
T^ AACGACGG
CGCGCCCGCC
GGAGGGAACG
AGGAGGGAGA
GGCAGCTTTG
CTGTGGAATG
TGGGCTTGGT
AACCCTGCAG
GAAGAGGTTT
TTATCAGTGA
ACTGACTCCC
CAACATCCAG
TTGGTGCTGG
TACCTTGTGG
GGAAAAGGTG
TACCTCTGCT
CTGCCGTTCA
^ACTTCATT
ICCATGACCC
TTCCTGAGTG
GCTCGTATTC
GCAACGAGGT
CAGGAGAAAC
CATGAAGCAC
AGGAGGACTG
CTGATTTATA
TTAAATGTCC
CTCTCTTGAT
TGTAGACTAT
TTCCAAACAA
TGTTAGTTTC
GTGTTGCTTC
TTGTTCTACA
CCCATTATCG
ACTATGCCTG
AGGGACTGAA
GTGCTGGACC
GCGCTACGGC
TTCTGAGTGG
GACTTCGCCG
CAAGAGCTTG
GCAAGCTAGC
ACCCCAGAGT
ATACTTGGTA
ACCCCTTCCG
TGCTTCGGCC
GAACATGAGT
ACTCCATTCC
ATGGATATCA
GCACTATGAA
TCATTGACCA
GTTTCTGATG
TTTTGACACC
CTTATCCAGA
GGAATGATTC
GGAAGCCTTC
CCATCCCACA
CCCAAGGACA
GGACCTGTGG
CTGATGGCAC
GGCATGGACK
CTTCCTCTTC
CTGGGCACCC
AAGCGCTGTC
AjGGGCCATGG
GTTAGCCCTÂ
GAGGGTACAT
TCATTGGAGG
TTGAAATCGA
GTGTTGTATT
TATGAACCTG
AGGAGATATC
TCATCGTG
GCTCAGTCTC
GTGTACATGA
ACGGCTCCCA
TGCACAATAA
TCAGTCTTCC
CAGTGAGACA
GGAGGCCCGA
GCCTTCAGCA
TATGAGCGCC
ACTCCTGTGC
AAACAGCTGA
CCATATTGÏC
GGCGCTACAG
GATGAGTTTG
CATCCTTCGT
ATGACCGTTT
AGCTATGACA
CTGTGAGGAC
AGAAGATTGT
ATCAGCACAG
GATCCAGGAA
GNACTCCCCG
ATCCTGGAGA
CTGCACGATC
CCTGTGTCTT
AAGGAGCCTT
AGAACTCAAC
AGCGCCGCTG
ttggccatCc
GCTGGACATG
AGCTGAAGGC
TCACATTTAT
CATACTTGAT
TTTCTCTCTA
AATTAACAGT
TAAAATTATA
GGATAAAGGA
CATACCACAG
AGGAGAGACT
TGCATCTG^ .(
TCATGAAGTA
GGACCAÂAGC
CCCTCACCTC
AGATCCAAAT
GTCCGCCAGG
TCTATAGAGC
CCGACAAGGC
CTCCGCTCTT
CCTGGAGGAG
CCTCCGTCAT
GTATCGGTGG
CCATGATGAC
GGCAGGTGGT
TACCTGCCCÂ
CAACACCTTT
AGGACAACÂT
aggâaâctâg
GGGCATTGTC
CTCTGTCâTG
AGACTGCATC
TCTCTCAGÂC
TCTTCCGGCA
AAGtiA£AGAI
CATCAACCAG
CTTCATTCAA
AAATTGGAGG
CATCGGTGAG'
TGCTCCAm
ACCCCAGAAT
TAGCATGCGG
GATTCTCAAC
GGCATGAGAT
GGAACGACTG
GAGGGAAAGC
ATCTGAAATA
CCTCACAAAC
GGCCTCCTAG
ATAGCTGTTT
Figure 5.1 Nucleotide sequence of O. mykiss CYP\A\ cDNA (Heilmann et al., 
1988). The oligonucleotide primers used in the following PCR reactions 
are underlined.
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1 MSVSALSSTRFTGSISGFLQVASVLGLLLLLVKAVQFYLQRQWLLKAFQQ 
51 FPSPPFHWFFGHKQFQGDKELQQIMTCVENFPS AFPRWFWGSKAYLIVYD
10
15
20
25
30
35
40
45
50
PDYMKVILGRSDPKANGVYRLLAPWIGYGLLLLNGQPWFQHRRMLTPAFH
YDILKPYVKNMADSIRLMLDKWEQLAGQDSSIEIFQHISLMTLDTVMKCA
FSHNGSVQVDGNYKSYIQAIGNLNDLFHSRVRNIFHQNDTIYNFSSNGHL
FNRACQLAHDHTDGVIKLRKDQLQNAGELEKVKKKRRLDFLDILLLARME
NGDSLSDKDLRAEVDTFMFEGHDTTASGVSWIFYALATHPKHQQRCREEV
QSVLGDGSSITWDHLDQIPYTTMCIKEALRLYPPVPGIVRELSTSVTFPD
GRSLPKGIQVTLSIYGLHHNPKVWPNPEVFDPSRFAPDSPRHSHSFLPFS
GGARNCIGKQFAMSEMKVIVALTLLRFELLPDPTKVPIPLPRLVLKSKNG
lYLYLKKLH
B.
CYP4A1 Forward Primer
TGCATTGGGAAACAATTTGCTATGAGTGAGATGAAnOTrrATTOTr;r;rrrfrT 
ACCCTGCTCCGCTTTGAGCTACTGCCAGATCCCACCAAGGTCCCCATCCCCTT 
ACC ACGACTTGT GCT GAAGTCCAAAAATGGGATCTÀCCTGTATCTCAAGAAG
CYP4A1 Reverse Primer
Figure 5.2 A. Deduced amino acid sequence of rat CYP4A1 cDNA starting with the 
first methionine residue (Eamshaw et al., 1984). The oligonucleotide primers 
used in the following PCR reactions are bolded and underlined in the amino 
, acid sequence.
B. Nucleotide sequence of the Forward and Reverse Primers used in the 
PCR reactions to follow are highlighted and underlined with the rat 
nucleotide sequence that would be amplified by them.
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1 ATGAGCGTCT
51 CTTCCTCCAA
101 CAGTCCAGTT
151 TTCCCATCAC
201 TGACAAAGAA
251 CCTTTCCTCG
301 CCTGACTACA
351 CGTCTACAGA
401 ATGGACAACC
451 TATGACATTC
501 GATGCTAGAC
551 TCTTTCAACA
601 TTCAGCCACA
651 CCAGGCCATT
701 TCTTTCATCA
751 TTCAACCGTG
801 GCTAAGGAAG
851 AGAAAAGACG
901 AATGGGGACA
951 TATGTTCGAG
1001 ATGCTCTGGC
1051 CAGAGTGTCC
1101 GATTCCCTAC
1151 CTGTTCCAGG
1201 GGGCGCTCTT
1251 CCACCACAAC
1301 GGTTTGCACC
1351 GGAGGAGCGA
1401 GGTGATTGTG
1451 CCAAGGTCCC
1501 iATCTACCTGT
CTGCACTGAG CTCCACCCGC TTCACGGGCA GCAT( 
GTGGCCTCCG TGCTTGGTCT GCTTCTGCTG CTGGl 
CTACCTGCAA AGGCAATGGC TACTCAAGGC TTTCC 
CTCCCTÏCCA CTGGTTCTTT GGGCACAAGC AGTTTC 
CTACAGCAAA TTATGACATG TGTGGAGAAT TTCCCA, 
ATGGTTCTGG GGAÂGCAAAG CCTACTTAAT TGTCTAl 
TGAAGGTGAT TCTCGGGCGA TCAGATCCAA AGGCCAA 
TTGCTAGCTC CTTGGATCGG ATATGGTTTG CTCTTGCl 
GTGGTTCCAG CACCGGCGAA TGCTAACCCC AGCCTTCCA 
TGAAACCCTA TGTAAAAAAC ATGGCTGACT CCATTCGAC 
AAATGGGAAC AGCTGGCAGG TCAAGACTCC TCTATAGAAÂ 
TATCTCCTTA ATGACCCTAG ACACTGTCAT GAAGTGTGCC 
ATGGCAGTGT TCAGGTGGAT GGAAATTACA AGAGCTATAT 
GGGAACTTGA ATGACCTCTT TCACTCCCGT GTGAGGAACA 
GAATGATACC ATCTATAATT TTTCTTCCAA TGGCCACTTG 
CTTGTCAACT TGCCCATGAT CACACAGATG GTGTGATCAA 
GATCAGCTGC AGAATGCGGG AGAGCTGGAA AAGGTCAAGA 
T T I G C A I T T X , a c c < ^ f £ J 5 T T M J L C C  CAGAATGCAC
CACACACCCT AAGCACCAAC AAAGATGCAG AGAGGAAGTT 
TGGGGGATGG GTCCTCCATT ACCTGGGATC ACCTGGACCA 
ACCACCATGT GTATCAAGGA GGCCCTGAGG CTTTACCCAC 
CATTGTCAGA GAACTCAGCA CATCTGTCAC CTTCCCTGAT 
TACCCAAGGG TATCCAAGTC ACACTCTCCA TTTATGGTCT 
CCGAAGGTGT GGCCAAACCC AGAGGTGTTT GACCCTTCCA 
AGACTCTCCC CGACACAGCC ACTCATTCCT GCCCTTCTCA 
GGAACtGCAT~TGGGAAAfAA TTTnrTl&Tr^A LTGAuATGAA 
qcccjqJ lll  IGGKCGCTT TGAGCTACTG g la g a tc c la  
CATCCCCTTA CCACGACTTG TGCTGAAGTC CAAAAATGGG 
ATCTCAAGAA dCTCCACT
Fit v-re 5.2 Nucleotide sequence of rat C1F4A1 cDNA (Eamshaw e t a l ,
oligonucleotide primers used in the following PCR :
ae^
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The formation of two libraries, one genomic and the other cDNA, was also attempted by 
Dr. A. Spry (1991). The cDNA library was not successful as the total RNA prepared was 
not of a high enough quality. The genomic DNA library was, to a certain degree 
successful, although it was thought to only represent 50% of the \o\AM.edulis genome 
(Spry, 1991). This library was screened in this study as described below in section 5.2.
M  GENOMIC LIBRARY SCREENING
The genomic library screened in this study was prepared by Dr. A. Spry (1991). The 
genomic DNA was extracted from the mantle otM.edulis by the method described in 
section 2.6 and digested to completion with the restriction endonuclease BamYil. The 
digested fragments were inserted into the bacteriophage EMBL3. After packaging the 
titre was found to be 6.8 x 10"^  pfu/pg. This titre was low and after calculation was 
thought to only contain 50% of the M. edulis genome.
The library had been left at 4°C for over 2 years before it was analysed for CYP450s. The 
bacteriophage were allowed to infect a strain oiKcoli LE392 as described in section 2.11 
in an attempt to obtain the titre of the library. The library was first plated out using 100//1 
of the dilutions 10'^  to 10 ,^ but after incubation at 37°C overnight, no plaques were 
observed. lOOyul of non-diluted library was used to infect another aliquot of the E.coli, 
which was plated onto a single 16 mm round petri dish and after incubation at 37°C 
overnight, approximately 500 plaques were obtained. The titre was therefore extremely 
low, and the entire library was plated onto 6 large round 16 mm petri dishes. The total 
number of plaques within the library was approximately 3,000. The titre of a good library 
should be between 1x10* and 1x10^° pfu/ml (Ausubel, 1994).
Duplicate filters were made of each of the plates containing phage, as described in section 
2.11, which were hybridised for 16 hours using the Church and Gilbert hybridisation 
bufifer with radiolabelled O.mykiss CYPl PA probe obtained using the rediprime random 
primer labelling kit. The filters were washed at a very low stringency (2 x SSC, 0.1%
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SDS, room temperature for 30 minutes; 1 x SSC, 0.1% SDS, 30°C for 30 minutes; 5 x 
SSC at room temperature for 5 minutes). The filters were analysed by autoradiography 
for 5-10 days at -70 °C in the presence of an intensifying screen.
The first round of screening identified 6 phage that hybridised to the radiolabelled 
O.mykiss CYP\A\ probe. These phage were removed from the petri dish as described in 
section 2.11 and 100//1 of the resulting phage stock was used to infect an aliquot of 
LE392 Exoli for the next round of screening. The second round of screening identified 
5-10 clones which hybridised with the O.mykiss CTPlAl probe fi-om each of the first 
round phage. This was thought to be a very small number as the selected phage should 
have been amplified and purified to a certain degree. These phage were again used to 
infect an aliquot of the LE392 E.coli in a third round of screening, but in this case only 
1 or 2 phage hybridised with the radiolabelled O.mykiss CEPlAl probe. It was decided 
that either the positive phage had been lost in the secondary and tertiary rounds of 
screening, or the probe was hybridising non-specifically to unrelated sequences.
The set of first round filters was hybridised with the radiolabelled O.mykiss CTPlAl 
probe a second time, but no positive plaques were obtained. It was concluded that the 
genomic libraiy did not contain a gene with sequence similarity to the O.mykiss CTPlAl 
probe.
Future progress will only be made using this technique if a new library is made of the 
M.edulis genomic DNA or cDNA. The routine extraction of intact RNA means that a 
more representative cDNA library is now possible. The use of the cDNA is preferential 
in contrast to genomic DNA as expression and subsequent verification of a positive clone 
would be easier.
£ 3  PCR ANALYSIS TO IDENTIFY CYP4S0 SEQUENCES TN M.edulis
PCR is a method in which selective amplification of a piece of DNA can be obtained (Old 
and Primrose, 1994). Two oligonucleotides are prepared that correspond to the 5' and
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the 3' ends of the required portion of DNA. These oligonucleotides anneal to the template 
DNA, which may constitute only a small proportion of the DNA present in the reaction 
mixture. These oligonucleotides are extended according to the template by a thermophilic 
enzyme, Taq DNA polymerase. Single stranded DNA is formed by raising the 
temperature and is subsequently used as a template for the next series of annealing and 
elongation.
PCR is a direct method for detecting the presence of a given sequence in an organism and 
can be performed from genomic DNA or cDNA. When attempting to detect sequences 
from a different organism to that which the oligonucleotides were prepared, it is important 
to not only design the oligonucleotide taking this into account (i.e. make the primers to 
regions which are more likely to be conserved or make degenerate primers), but to keep 
the annealing temperature low, so as to allow a certain amount of non-specificity.
The oligonucleotides used in this study were designed by Spry (1991), according to the 
sequence data available for the O.mykiss CZPl A1 (Heilmann et a l, 1988) and to the rat 
CYPAAX (Kimura et al, 1989a), (see table 2.5, section 2.9). The area to which the 
oligonucleotides were designed is thought to be conserved between species, which 
maximises the chance of the primers annealing to the orthologous gene in M.edulis. This 
conserved area is around the haem binding site of the enzyme, which is also relatively 
conserved within the superfamily of proteins. The oligonucleotides were not designed to 
anneal to intron sequences, because these are the least conserved areas between species 
and also can not be used when cDNA is the template. As the oligonucleotides designed 
for the PCR amplification are not likely to be homologous to the template DNA, a 
temperature lower than that of their tm (melting temperature) was used in the annealing 
reaction.
5,3.1 Sequencing of previously isolated PCR products
Spry (1991) was successful in obtaining DNA fragments from one of the PCR reactions 
that he performed using the CYPIA primers With M.edulis genomic DNA as a template
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(see figure 5.3). The six fragments of DNA produced in this reaction were still available 
and had not previously been sequenced. The closest fi-agment of DNA to the required size 
of 207bp, was the band labelled number four (see figure 5.3). This band had been kept 
in the freezer as a slice of agarose gel for approximately 2 years. It was possible to purify 
this DNA using the Spin-X columns described in section 2.4.7.1 and subsequently ligating 
into the TA vector as described in section 2.9.3.2. The TA vector was inserted into an 
E.coli host (INVaF-) as described in section 2.9.3.3. The insert within the purified 
plasmid was then sequenced by the Sanger dideoxy method, see section 2.10.1. The 
nucleotide sequence obtained is shown in figure 5.4.
The sequence was analysed by the GeneJockey program on the Macintosh computer, 
which revealed that the sequence did not have an open reading fi*ame. The sequence was 
compared to that of both O.mykiss CTPlAl and rat C7P4A1, but unfortunately no 
similarity was observed.
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Origin
0X174 DHVtfaa III Markera
Figure 5.3 PCR reaction performed by Dr. Spry (1991) using the CYPlAl 
oligonucleotide primers using M.edulis genomic DNA as a template. 
Annealing temperature of the reaction was 37°C.
Lane 1. PCR amplification of M.edulis genomic DNA
Lane 2. PCR amplification of plasmid containing O.mykiss CYP1A
cDNA.
Lane 3. (|)X174 / Hae III DNA marker.
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T7 lnvert/comp(top), fu l l  sp6(bottom)
10 20 30 40 50 60 70
I I I I I I I
AGTGTGCTGGAATTCGGCTTGACACATTCCTCAATGGCACTCATATCACATCCTCTTATTTATAATGAATCATAATC 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •  #
GCCAGTGTGCTGGAATTCGGCTTGACACATTCCTCAATGGCACTCATATCACATCCTCTTATTTATAATGAATCATAA-C 
I I I I I I I
10 20 30 40 50 60 70
80 90 100 110 120 130 140 150
I I I I I I I I
AGGACGAGATAATAAATCAGTTAGTTTTACTATTACGTTCGTCAAAATTGTGAAACCCGAGTTTGAAACATGCAAACCAT
AGGACGAGATAATAAATCAGTTAGTTTTACTATTACGTTCGTCAAAATTGTGAAACCCGAGTTTGAAACATGCAAACCAT 
! ! I I I I I !
80 90 100 110 120 130 140 150
160 170 180 190 200 210 220 230
I I I I I I I I
GGAATTACAAACTATTTAAACAAAAGCATTGATTAAAATAACCAACACATGCTTTTAAAGCTTCGGTCAGTAAAGAAAGT
GGAATTACAAACTATTTAAACAAAAGCATTGATTAAAATAACCAACACATGCTTTTAAAGCTTCGG 
I I I I I I I
160 170 180 190 200 210 220
240 250 260
I . I I
TCAACTAAGCGCCGCTGCATCGGTGAG
Figure 5.4 Sequence obtained from the Sanger dideoxy method of sequencing of the
amplified fragment labelled number four from the PCR reaction 
performed by Dr. Spry (1991) (see figure 5.3).
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5.3.2 PCR using M.edulis genomic DNA
A preliminary experiment was set up to investigate whether or not the respective primers 
worked on the plasmids containing the O.mykiss CYP\A\ and the rat CYPAAX cDNAs. 
These reactions were performed using an annealing temperature of 50°C for 2 minutes, 
elongation at 72 °C for 2 minutes and denaturing at 92°C for 2 minutes, of which 30 
cycles were performed. Both of the experiments using the two sets of primer were 
successful with the production of DNA bands of the correct sizes. The plasmids were not 
used again as the possibility of contamination by these plasmids is very high.
CYP4A1 primers were used in a reaction with genomic DNA as a template, with 30 cycles 
of an annealing temperature of 37°C for 2 minutes, elongation at 72°C for 2 minutes and 
dénaturation at 92°C for 2 minutes. The results of this reaction did not produce any bands 
(see figure 5.5). The reaction using the CYPlAl primers mdM.edulis genomic DNA, 
with the same conditions as described for the CYP4A1 reaction, revealed a large number 
of amplified fragments, which appeared as a smear along the gel (see figure 5.6).
The CYPIA reaction was repeated with an annealing temperature of 42°C and a single 
fragment of approximately 150 bp was amplified, which is smaller than the fragment 
expected. The result of this reaction is seen in figure 5.7. The band was clear on the gel, 
but the photograph was over-exposed, so is not clear. This reaction was repeated several 
times, but with no success. The annealing temperature was dropped to 40°C but again 
a smear was observed. The alternative to using genomic DNA as a template is cDNA 
which is produced from mRNA using the enzyme reverse transcriptase (RT) (Sambrook 
et a l, 1989). This was used in an attempt to obtain M.edulis CYPIA sequence 
information.
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Origin 0X174 DNA//fae III M arkets
Figure 5.5 PCR reaction using CYP4A1 oligonucleotide primers with M.edulis 
genomic DNA as the template. Annealing temperature o f 37°C. DNA 
electrophoresed on a 4% (w/v) (3:1 NuSieve GTG agarose: Agarose) gel.
Lane 1,2 and 4
Lane 3
Lane 5
CYP4A1 oligonucleotide primers with genomic 
DNA as the template.
CYP4A1 oligonucleotide primers with no template 
(negative control).
(|)X174 / Hae III DNA markers.
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Marker Sizes Molecular Weight
(base pairs) (dallons)
8% acrytamide
Origin
Figure 5.6 PCR reaction using CYPlAl oligonucleotide primers with M.edulis 
genomic DNA as the template. Annealing temperature of 37°C. DNA 
electrophoresed on a 4% (w/v) (3:1 NuSieve GTG agarose: Agarose) gel.
Lane 1. ^X174/ Hae III DNA markers.
Lane 2 and 3. CYPlAl oligonucleotide primers vj'\\hM.edulis genomic 
DNA as a template.
Lane 4. CYPlAl oligonucleotide primers with no template 
(negative control).
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Marker Sizes Molecular Weight
(base pairs) (dallons)
Origin
Figure 5.7 PCR reaction using CYPlAl oligonucleotide primers with M.edulis 
genomic DNA as the template. Annealing temperature of 42°C. DNA 
electrophoresed on a 4% (w/v) (3:1 NuSieve GTG agarose: Agarose) gel. 
Lane 1. CYPlAl oligonucleotide primers with no template 
(negative control).
Lane 2 . CYPlAl oligonucleotide primers with M.edulis genomic
DNA as a template.
Lane 3. ^X174///ae III DNA markers.
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5.3.3 Reverse transcriptase (RTl PCR
In order to obtain cDNA, it is necessary to isolate mRNA from the organism of interest 
and make a cDNA copy using the enzyme RT. An antisense oligonucleotide is made for 
the gene of interest, which is annealed to denatured RNA. RT (in the presence of dNTPs) 
produces a cDNA copy of the template, which can then be used as a template itself in the 
PCR reaction (for details of the reaction see section 2.9.1) (Promega protocols).
The RNA used for these RT-PCR amplification was isolated from M. galloprovincialis. 
An initial experiment was set up using the oligonucleotide primers for both CYPlAl and 
CYP4A1 in separate tube, with a very low annealing temperature of 37°C for 2 minutes, 
elongation at 72°C for 2 minute and denaturing at 92°C for 2 minutes, which produced 
no amplified products. As part of the optimisation procedure the annealing temperature 
was raised to 40 °C, which produced smears on the gel, which included a certain number 
of bands. Both the positive and negative primers were used in the initial RT procedure, 
the positive primer acting as a negative control, but as can be seen in figure. 5.8, both 
sets of reactions produced amplified products suggesting that non-specific binding was 
taking place. The gel was separated into two halves and analysed by Southern blotting. 
Each filter was hybridised using the Church and Gilbert hybridisation buffer overnight with 
the respective CEP4A1 or CKPlAl radioactive probes prepared using the Megaprime 
random nucleotide labelling kit (see section 2.8.2.1). The filters were washed to a 
moderate stringency (5 x SSC, 0.1% SDS, room temperature for 45 minutes; 1 x SSC, 
0.1% SDS, 50°C for 45 minutes; with a final wash in 5 x SSC at room temperature for 
5 minutes). The results are shown in figures 5.9 and 5.10 which reveal respectively that 
the radioactive vertebrate probes were hybridising to, in the case of CYPlAl, a single 
band of approximately 200bp and for CYP4A1 two bands of approximately 190 and 
220bp.
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(base pairs) (dallons)
8% acryiamide
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'Origin
+ve
Figure 5.8 RT-PCR DNA electrophoresed on a 4% (w/v) (NuSieve GTG agarose;
Agarose) gel. Oligonucleotide primers were annealed at 40°C to cDNA
obtained from M.galloprovincialis.
Lane 1. CYPIA negative primer annealed to mRNA to make 
cDNA which is subsequently used as the template for the 
PCR amplification.
Lane 2. CYPIA positive primer annealed to mRNA to make
cDNA which is subsequently used as the template for the 
PCR amplification.
Lane 3. ^X174/ Hae III DNA marker.
Lane 4. CYP4A positive primer annealed to mRNA to make
cDNA which is subsequently used as the template for the 
PCR amplification.
Lane 5. CYP4A negative primer annealed to mRNA to make
cDNA which is subsequently used as the template for the 
PCR amplification
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'Origin
Figure 5.9 Southern blot of the left hand side of the gel shown in figure 4.8. Filter 
hybridised with radiolabelled O.mykiss CYPXA. cDNA probe washed to a 
final stringency of 1 x SSC, 0.1% SDS, 50°C for 45 minutes.
'Origin
Figure 5.10 Southern blot of the right hand side of the gel shown in figure 4.8. Filter 
hybridised with radiolabelled rat CFP4A cDNA probe washed to a final 
stringency of 1 x SSC, 0.1% SDS, 50°C for 45 minutes.
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The results of these reactions indicated that there was a strong possibility of specific gene 
amplification by the Taq DNA polymerase, which had sequence similarity to the O. mykiss 
CYP\A\ cDNA and to the rat CTP4A1 cDNA. In order to obtain sequence information 
concerning these amplified DNA fragments, the reaction performed above was 
electrophoresed again on a 4% (w/v) gel (NuSieve GTG agarose: Agarose). Agarose 
slices were removed from the gel at positions corresponding to the hybridising bands, the 
cDNA was purified and ligated in the TA vector for subsequent sequencing (see section 
2.9.3.2).
The ligation and transformation of the amplification products from the above reaction into 
the INVaF- E.coli strain (R&D systems Europe) produced many colonies which 
underwent the cracking procedure as detailed in section 2.5.4.1, but the inserts were too 
small to demonstrate retardation. The cracking gel was analysed by Southern blotting and 
hybridised using the Church and Gilbert hybridisation buffer overnight to the respective 
radiolabelled O. mykiss CZPl A1 or rat CTP4A1 probes prepared using the Megaprime 
random nucleotide labelling kit (section 2.8.2). The filters were was to a moderate 
stringency (5 x SSC, 0.1% SDS, room temperature for 45 minutes; 1 x SSC, 0.1% SDS, 
50°C for 45 minutes; with a final wash in 5 x SSC at room temperature for 5 minutes). 
As an example, the results of the plasmids hybridised with the radioactive rat CTP4A1 
probe are shown in figure 5.11. A number of the darker clones were chosen and the 
plasmids were purified and digested with restriction endonucleases, but unfortunately a 
clone containing an insert of the correct size was not found. The result of this analysis 
suggests that the radiolabelled vertebrate probes used in the hybridisation reactions are 
contaminated with the plasmid, which is itself hybridising with the plasmid DNA present 
on the gel.
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é :
Figure 5.11 An example of hybridisation to plasmids DNA following the cracking 
procedure (section 2.5.4.1) using a radiolabelled rat CYP4A1 probe. 
Each lane contains plasmid DNA from separate single colonies.
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The RT-PCR reaction was repeated using an annealing temperature of 45°C for 2 
minutes, elongation at 72 C for 2 minutes and dénaturation at 92 ° C for 2 minutes, which 
produced single bands for both the CYPlAl and the CYP4A1 reactions (see figure 5.12). 
To produce a larger amount of these products, the tip of an inoculating loop was dipped 
into the original PCR reaction and was used as a template for a second PCR reaction. The 
results of both of these reaction can be seen in figure 5.13. Both fragments were 
subcloned into the TA vector and sequenced, using the Sanger dideoxy method (see 
section 2.10.1) and the automated sequencer (see section 2.10.2). See figure 5.14 for an 
example of the results from the Sanger dideoxy method of sequencing and figure 5.15 for 
an example of the results obtained from automated sequencing. The sequences obtained 
were first analysed using the GeneJockey program, which revealed no similarity to either 
of the CTP450 genes. These nucleotide sequences were subsequently translated into 
ammo acid sequence data and compared to all the sequences in the European Molecular 
Biology Laboratory computer at Heidelberg, which found no similarity between the 
sequences and any other CTP450.
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Figure 5.12 RT-PCR reaction products electrophoresed on a 4% (w/v) (NuSieve 
GTG: Agarose) gel. Annealing at 45 °C of the primers to mRNA obtained 
from M.galloprovincialis.
Lane 1. CYPIA positive primer annealed to mRNA to make 
cDNA which is subsequently used as the template for the 
PCR amplification.
Lane 2. CYPIA negative primer annealed to mRNA to make
cDNA which is subsequently used as the template for the 
PCR amplification.
Lane 3. CYP4A positive primer annealed to mRNA to make
cDNA which is subsequently used as the template for the 
PCR amplification.
Lane 4. CYP4A negative primer annealed to mRNA to make
cDNA which is subsequently used as the template for the 
PCR amplification.
Lane 5. ^X174/ Hae III DNA marker.
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Figure 5.13 Reamplification PCR of Lanes 2 and 4 from the gel shown in figure 5 . 1 2 . 
Annealing of the oligonucleotide primers took place at 45 °C.
Lanes 1,2,3 Reamplification of lane number 2 in figure 5.12.
Lane 4 ^X174 / Hae III DNA marker.
Lanes 5,6,7 Reamplification of lane number 4 in figure 5.12.
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Figure 5.14 Example of nucleotide sequence obtained using the standard Sanger 
dideoxy method.
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Figure 5.15 Example of nucleotide sequence obtained using the automated sequencer 
(Applied Biosystems).
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A reamplification of the first cDNA PCR reaction annealed at 42°C was performed with 
an annealing temperature of 45 °C, which in the case of CYPlAl produced two bands of 
approximate size 140 and 220 bp (see figure 5.16) and in the case of CYP4A1 no bands 
were obtained. This gel was analysed by Southern blotting, hybridised in the Church and 
Gilbert hybridisation buffer overnight with radiolabelled O.mykiss CYP\A\ probe 
prepared using the Rediprime random nucleotide labelling kit (see section 2.8.2.3) and 
washed to a moderate stringency (5 x SSC, 0 .1 % SDS, room temperature for 4 5  minutes; 
1 X SSC, 0 . 1 % SDS, 55°C for 45 minutes; with a final wash in 5 x SSC at room 
temperature for 5 minutes). A single band that corresponded to the larger of the two 
bands ( 2 2 0  bp) was found to hybridise to the CZPlAl probe, with no non specific 
hybridisation to the marker or to the other amplified product (see figure 5.17). The 
amplification product of220 bp was removed fi-om the gel and purified by Spin-X column 
(section 2.4.T.2), ligated into the TA vector (section 2.9.3.2) and subsequently transfected 
into the INVaF- E.coli strain (section 2.9.3.3). The colonies were screened and 
sequenced by an undergraduate project student, but unfortunately no sequence 
information was obtained from any of the colonies plasmid cDNA inserts.
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Performed with the CYPIA sense and anti-sense primers.
Figure 5.16 RT-PCR amplification with the primers annealing to mRNA from
M.galloprovincialis at 42°C. Amplified products were electrophoresed
on a 4% (w/v) (NuSieve GTG agarose: Agarose) gel.
Lane 1. RT-PCR amplification performed using the sense primer
(negative control).
Lane 2. RT-PCR amplification performed with the anti-sense
primer.
Lane 3. (|)X-174/ Hae III DNA markers.
Lane 4. RT-PCR amplification performed using the sense primer,
but with no RNA present (negative control).
Lane 5. RT-PCR amplification performed using the anti-sense
primer, but with no RNA present (negative control).
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Figure 5.17 Southern blot of the RT-PCR products electrophoresed on a 4% (w/v) 
agarose gel as shown in figure 5.16. A single band corresponding to the 
largest band seen on the gel of approximately 2 2 0  bp is present.
Lane 1. RT-PCR amplification performed using the sense primer 
(negative control).
Lane 2. RT-PCR amplification performed with the anti-sense 
primer.
Lane 3. (|)X-174/ Hae III DNA markers.
Lane 4. RT-PCR amplification performed using the sense primer, 
but with no RNA present (negative control).
Lane 5. RT-PCR amplification performed using the anti-sense 
primer, but with no RNA present (negative control).
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M  DISCUSSION
The experiments detailed in this chapter were performed in order to obtain information 
concerning the identity and character of the CTP450 genes present in M  edulis, this 
however has not been possible to obtain. The genomic library was not ideal due to the 
low number of phage i.e. the library was originally thought to contain only 50% of M  
edulis genome, but with the deterioration of the library since it was prepared it is not 
likely to contain even 50% of the genome. The possibility of obtaining a clone for 
CYPIA from this library was very slim and as expected from these facts no clones were 
obtained that hybridised with the radiolabelled O. mykiss CYP\A\ cDNA probe.
Optimisation of the PCR reaction was attempted using both genomic DNA from M  edulis 
and cDNA from M. galloprovincialis. The single bands produced using an annealing 
temperature of 45°C with cDNA as the templates looked very promising, especially with 
the fact that the bands hybridised with the radiolabelled vertebrate probes. Unfortunately 
the nucleotide sequences obtained from any of these DNA fragments produced by PCR 
did not reveal any sequence homology to either the O. mykiss CYPIK (Heilmann et al, 
1988), theL. stagnalis CYP\0 (Teunissen et al, 1992) or to the rat CTP4A1 (Eamshaw 
et a l, 1988). The PCR products obtained in this experiment were screened using a 
Southern blot analysis (Southern, 1975) on the electrophoresed ‘cracked’ colonies. This 
method of screening for the correct insert was not ideal with what may have been non­
specific hybridisation between the radiolabelled vertebrate probes and the plasmid due to 
the shear quantity of DNA present on the filter. This procedure should have been 
followed up with Southern blot analysis of the purified plasmid insert before DNA 
sequencing. If this had been performed then many of the non-specific amplification 
products would have been removed at this stage.
The RT-PCR reaction using the CYPlAl oligonucleotide primers that produced two 
definite amplification products of approximately 140 and 2 2 0  bp in length was certainly 
very promising, especially as Southern blotting analysis revealed hybridisation of the 
radiolabelled O.mykiss CYP\A\ cDNA to only one of the amplification products.
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The sequence information obtained from the PCR reactions produced using 
M.galloprovincialis cDNA as a template, was translated into amino acid sequence data 
using the GeneJockey program (Apple Macintosh ) and was compared to the amino acid 
sequences of all the known CYP450 sequences in the Heidleberg computer database, 
which again showed no similarity between any of the PCR amplification products and the 
CYP450 sequences.
This technique is certainly open to further optimization, including changing the M g^ 
levels, which if decreased infers greater specificity to the reaction. In these reactions a 
standard magnesium concentration of 2 mM was used. The last experiment performed 
demonstrating Southern blot hybridisation is certainly encouraging and further work 
would obtain greater information as to whether the CZPIA gene is present and even 
expressed in M. edulis and M. galloprovincialis.
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CHAPTER 6
GENERAL DTSCTJSSTON
At the start of this project, molecular analysis of the MFO system in molluscs was very 
limited, with no definite identification of the C7P450 isoforms present inM  edulis. The 
data available on the biochemistry of the MFO system in M  edulis are however 
increasing, with the knowledge that the enzyme activities present in molluscs are lower 
than in vertebrate systems. The induction of C7P450 gene expression by xenobiotics is 
also less marked than for vertebrates (Livingstone and Stegeman, 1989; Livingstone, 
1991b).
The first area of study, the examination of the constitutive expression of CYP450 mRNA, 
was performed in order to obtain a greater understanding of the C7P450 gene families 
present in M  edulis. Knowledge to date on the identity of C7P450s in molluscs was 
limited to protein purification (Kirchin et al. 1987; Porte et al, 1995) and immunoreaction 
with antibodies raised against vertebrate CYP450s (Peters and Livingstone, 1995). 
Analysis of the CYP450 superfamily at the nucleic acid level had been performed by Spry 
(1991) using vertebrate C7P450 cDNA probes in cross-species hybridisation experiments. 
Genes and mRNAs with apparent nucleotide sequence similarity to mammalian C7P1A1 
and CLP4A1, but not to CYP2E genes had been detected. The results to the preliminary 
experiments performed by Dr. A. Spry (1991) were thought to be important enough for 
further investigation to take place.
The first problem encountered, which had also been faced by Dr. A. Spry, was the 
extraction of intact RNA fi-om the digestive gland of Mytilus sp. This problem was 
overcome in this thesis by the technique originally described by Chomczynski and Sacchi
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(1987) in which tissue is placed into a solution containing RNase inhibitors. The original 
technique was slightly modified, with the subsequent extraction of intact RNA, as 
indicated by the presence of the two ribosomal RNA bands. Genomic DNA was 
successfully extracted from the digestive gland of M  edulis as previously described by 
Spry (1991). The purified nucleic acids were examined for CTP450 sequences using 
Northern and Southern blot analysis. Quantitation of the Northern blots was aided by 
normalisation using methylene blue staining of the immobilised RNA subsequent to 
hybridisation. This technique proved to be quicker, easier and apparently more accurate 
than hybridisation with the mouse actin cDNA probe.
Southern blots hybridised with the radiolabelled vertebrate CTP450 cDNA probes were 
successful in providing strong evidence for the existence of Mytilus sp. CTP450 genes 
with sequence similarity to the mammalian CYP3A and CYPl 1A genes. In the case of 
CYP3A there is a possibility that M. edulis contains two genes related to the vertebrate 
CYP3A family. The lack of hybridisation of the genomic DNA to the vertebrate CYPl A  
and GYP A A  probes was contradictory to the results obtained by Dr. Spry (1991) in which 
hybridisation of these probes to genomic DNA immobilised onto membrane by the slot 
blot procedure was successful. The reason for this discrepancy has not been resolved.
RNA extracted fi’om the digestive gland of M  edulis was analysed by Northern and Slot 
blot analyses, with hybridisation being observed between the vertebrate CFPl A, CYP3A, 
CYP4A and CYPl 1A radiolabelled probes for both techniques. The positive result with 
the CFPIA and CFP4A cDNA probes compared to the genomic DNA hybridisation 
results may have been due to the presence of a higher concentration of target sequences 
in the RNA extracts. The use of the Church and Gilbert (1984) hybridisation buffer and 
the Redipiime / Megaprime DNA radiolabelling kits enabled higher stringency of washes 
to be performed but the intensity of the hybridisation bands was decreased in the process 
making the length of autoradiography longer. At this time the true identity of the genes 
to which the vertebrate probes were hybridising has not been confirmed, although it seems 
likely that Mytilus sp. genes belong to the same families as that of the vertebrate CFP450 
probes. There is also evidence that the vertebrate CFP450 cDNA probes are not all
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hybridising to the same CYP450 isoform as there is a difference in the sizes of the 
hybridising mRNAs observed in the Northern blot analysis. Data obtained from the 
Southern blot analysis also shows different sizes for the CFP450 genes. The presence of 
the CFP450 genes with similarity to mammalian CFPIA, CFP3 A, CFP4A and CYPl lA 
would be consistent with the phylogenetic trees which predict that these gene families 
have ancient evolutionary origins (Degtyarenko and Archakov, 1993).
Investigation of the seasonal modulation of expression of CZP450 families m Mytilus sp. 
was performed in order to obtain information not only on the mechanism of seasonal 
variation, but also to obtain further evidence for the specificity of the vertebrate cDNA 
probes, to compare mRNA and MFO activities, and to establish seasonal patterns of 
variation of the CFPIA gene in particular, in order to plan future modulation experiments 
using classical mammalian inducers.
Seasonal variation of CYP450 mRNA expression was performed using Northern blot 
analysis and the vertebrate cDNA probes for CZPl A, CYP3A and CFP4A. Unfortunately 
time restriction and lack of samples did not allow CFPl 1A to be analysed. The results of 
this study revealed seasonal variation in all the CFP450 families studied, which in the case 
of CFPIA corresponded to a certain extent (r = 0 .6 8 ) with the seasonal variations 
observed for microsomal B[a]P metabolism activity analysed at the same time by 
Livingstone and co-workers, which indicates that the Mytilus CYPl A orthologue may 
have a role in this monooxygenase activity.
The seasonal study has, in the case of all the C7P450 families studied, shown that the 
hybridisation of the vertebrate probes to the mollusc total RNA is specific. Modulation 
would not occur if the probes were hybridising to the ribosomal RNA unless there were 
dramatic changes in cellular ribosomal RNA content. The possibility that all the probes 
hybridised to a single CYP450 mRNA species in molluscs is also dismissed by this study, 
because each of the vertebrate probes exhibited a different pattern of mRNA modulation.
Subsequent to these initial studies, the emphasis of the study was directed specifically to
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the molluscan orthologue of mammalian CFPIAI. This was deemed to be the most 
important isoform since modulation of this mRNA species could be used to quantify the 
extent of pollution to which the organism is exposed. The first studies examined the 
extent to which the M. edulis CYPl A mRNA level responded to classical mammalian 
inducers. The B[a]P study was performed at a time of high seasonal expression of mussel 
CYPl A mRNA (see Chapter 3). The study using B[a]P as an inducing compound was 
separated into two sections, one where samples were taken every 2  days over a period of 
14 days and the second where samples were taken every 6  hours over a period of 48 
hours. The first set of samples (which in the end only constituted 0, 2, 4 and 6  days due 
to the molluscs spawning and dying) were assayed for B[a]P metabolism, putative EROD 
activity and putative CYPl A mRNA expression. The second study was assayed only for 
putative CYPl A mRNA expression. An increase in expression of putative CYPl A 
mRNA at 6  hours of the short term study was observed. The time scale of this induction 
is similar to that of previous studies performed in fish (Haasch et al., 1988; Kloepper- 
Sams and Stegeman, 1989; Kreamer etal, 1991; Wirgin etal, 1992). However the rapid 
reversal of this elevation is not consistent with the previous observations. Unfortunately 
neither B[a]P metabolism nor EROD activity measurements were performed on these 
samples and so this transient response was not confirmed. This experiment will have to 
be repeated with full analysis of the samples using shorter time intervals, e.g. every two 
hours to confirm a definite induction response byM  edulis.
The induction study performed in the Venice Laboratory using the PCB congener PCB 
(CB-138) revealed no increase in the putative CYPl A mRNA in the digestive gland of 
M  galloprovincialis, after a period of four days. However, there was an increase in 
putative CYPl A protein (p = 0.05 fori- tailed t-test) which provides further evidence for 
the modulation of CYPl A in mussels by xenobiotics. This experiment does not however 
show whether this increase in CYPl A protein is due to pre- or post-transcriptional 
regulation. Further studies and a more detailed time course analysis is required to 
elucidate the effect of PCB (CB-138).
Although the induction studies had not produced definite responses to the classical
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mammalian CFP450 inducers there was still a possibility that mollusc CYPl A  could be 
induced by chemicals other than those studied above. In order to determine whether 
CYPl A mRNA modulation could be observed in molluscs, which could subsequently be 
used as a biomarker of organic pollution, the study of molluscan CYPl A mRNA levels 
was included in the UNESCO-MURST project to investigate the effects of pollution in 
the Venice lagoon. Although this study was to a certain extent opportunistic, because no 
induction response had been clearly determined in molluscs, the results of the study 
produced a clear indication that there was a difference in the extent of CYPl A mRNA 
expression in M  galloprovincialis from various sites throughout the lagoon. Venice 
lagoon samples from another two sampling dates were subsequently studied with 
equivocal results. In this second study, mussels from the site thought to contain the most 
pollution (Fossato et a l, 1995) had one of the lowest CYPIA mRNA levels and those 
from the control site had one of the highest levels. This is hard to explain, but may have 
been in part due to seasonal variation in the levels, to sample preparation, or to an oil 
spillage or other pollution impact near to the control site shortly before sampling. The 
third study, performed at a similar time of year to the first study, produced results which 
supported those of the first study, although the differences between the sample levels was 
not as great. In general the results obtained from these field studies do indicate that 
putative CYPIA mRNA levels inM galloprovincialis may be modulated by xenobiotics 
present in the aquatic environment of the Venice lagoon. Since elevated levels of M  
galloprovincialis CYPIA mRNA correlated with the presence of PAHs, PCBs and 
aliphatic hydrocarbons in the molluscs tissues, it might therefore be concluded that the 
compound causing the modulation of CYPIA mRNA is one of these organic compounds. 
However, at this point it is impossible to state this unequivocally. The phenomenon does 
call for further study and identification of the substance causing the effect may give an 
indication as to the endogenous substrate for the CYPlA-like enzyme in molluscs.
The extension of the cross-species technique to another aquatic organism was successful 
in revealing hybridisation of certain mammalian CFP450 probes to mRNA expressed in 
A. mississippiensis. Human CYP2C cDNA probe being the only one to produce a 
negative result. This may indicate the absence of an orthologous gene in A.
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mississippiensis or a CYP2C with little sequence similarity to that of human CYP2C.
The experiments with A. mississippiensis are however difficult to interpret, due in part 
to the lack of experimental animals and the number of experiments that needed to be 
performed for statistical significance. As these were preliminary experiments it was not 
possible to have repeats of the control animals. This caused difficulty in positively 
identifying an induction response. The most clear result was seen with the CFP2D cDNA 
probe because compared to the control there was an apparent increase in mRNA 
expression over the entire time course of the study. In the case of the CFPl A cDNA 
probe there was a statistically significant (P < 0.1) drop in hybridising mRNA at 11 hours 
in relation to levels of putative CYPIA mRNA at 24 and 48 hours post-injection. The 
reason for this decrease in expression is unclear, unless 3-MC inhibits the expression of 
the CFPl A gene in this species, which is unlikely. The other vertebrate probes, C7P2B, 
CFP2E and CFP4A provided no evidence for induction of the respective mRNAs in A. 
mississippiensis by classical CTP450 inducers
The results from the exposure of A. mississippiensis to various CFP450 mammalian 
inducers was performed by analysing the left and the right lobe of the liver separately as 
the com oil used as a vehicle for clofibrate and 3-MC appeared to localise in the right lobe 
of the liver. It was therefore possible that the right lobe of the liver was exposed to the 
inducer before the left lobe. The results revealed that this was unlikely, since in general 
the right lobe had a lower CYP450 mRNA expression level than the left lobe.
The use of the cross-species hybridisation technique as described in this thesis has been 
partially successful, since it has revealed that mRNAs orthologous to vertebrate CYPIA, 
CYP3A, CYP4A and CYPl 1A mRNA are found inM edulis and inM galloprovincialis 
CYPlA-like mRNA has be found. The technique has proved that the vertebrate cDNA 
probes are specifically hybridising to a single CYP450 mRNA species, since the different 
CYP450 mRNAs showed different patterns of expression throughout the year. This is 
also confirmed by the different hybridisation patterns of the M  edulis genomic DNA in 
Southern blot analysis.
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Cross-species hybridisation techniques may be difficult to perform compared to studies 
such as Western blotting since the quality of the material analysed for RNA content needs 
to be very high, with sample preparation taking place in an RNase free environment and 
being kept cold at all times. Samples used for Western blotting analysis do not need such 
care, since some degradation can take place while the protein epitopes still remain intact 
(Goksoyr, 1995). RNA analysis could however be more effective as a biomarker 
compared to analysis of enzyme activity, since substrate preference may not be the same 
between species and also the enzyme activity may be inhibited by other contamination of 
the sample with xenobiotics present in the aqueous environment (George, 1989; Gooch 
et ah, 1989; Boon et al., 1992). However it is important that studies attempt to perform 
a full analysis i.e. mRNA, enzyme protein and enzyme activity to produce a full picture 
of the effects of environmental pollutants on an organism (Goksoyr, 1995).
Attempted isolation ot Mytilus sp. CFPIA and CFP4A sequences was not successful. 
Mussel genomic DNA library screening was performed even though the possibility of 
success was limited by the low titre and the original unsatisfactory production of the 
library. The PCR approach using oligonucleotide primers designed by Dr. A. Spry (1991) 
were promising and further work to optimise the system may produce a better result, 
especially as the Northern blots strongly indicate that a gene with similarity to the 
vertebrate CFPIA is present in Mytilus sp.
In final summary, this work has demonstrated that there are expressed genes in Mytilus 
sp. that have sequence similarity to vertebrate CFPIA, CYP3A, CFP4A and CFPllA 
genes. A putative mollusc CYPIA mRNA has been shown to be modulated by 
environmental organic pollutants, although the exact pollutant has not been conclusively 
identified. Classical mammalian inducers of CTPIA such as PCB and B[a]P did not 
produce a clear induction response, although with B[a]P there does seem to be a transient 
increase in expression of the putative molluscan CYPIA mRNA. Extension of the cross­
species technique to A. mississippiensis was successful in identifying mRNAs with 
similarity to CYPIA, CYP2B, CYP2D, CYP2E and CYP4A. Modulation of these 
mRNAs by 3-MC, B[a]P or clofibrate could not be clearly demonstrated. Attempts to
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isolate CFP450 nucleic acid sequences from M  edulis were not successful although 
optimisation of the PCR approach appeared to be the best strategy to unequivocally 
identify the Mytilus sp. orthologue of the mammalian CFP450 genes.
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APPENDIX 1
10 X Borate buffer.
108 g Tris, 55 g boric acid, 40 ml of 0.5 M EDTA pH8.0 made up to 1 L with dH20.
10 X Burgoynes buffer.
0.6 M KCl, 0.15 M NaCl, 0.15 M Tris pH 7.5, 15 mM spermine, 50 mM spermidine. 
Filter sterilise before use.
Cell Resuspension buffer:
50 mM Tris-HCl, pH 7.5, 10 mM EDTA, 100 pg/ml RNase A.
Cell Lysis solution:
0.2MNaOH, 1% SDS
Church and Gilbert hybridisation buffer.
(modified to contain formamide from Church and Gilbert, 1984)
35 ml of 1 M NazHPO^ was adjusted to pH 7.0 using 1 M Nal^ P Q , 50 ml formamide 
(deionized), 7g SDS, 0.2 ml 0.5 M EDTA
Column wash solution:
200 mM NaCl, 20 mM Tris-HCl (pH 7.5), 5 mM EDTA, dilute 1:1 with 95% ethanol.
Cushion buffer.
1 X Burgoynes buffer, 0.1 mM EDTA, 0.1 mM EGTA, 0.5 M sucrose
50 X Denhardt Reagent.
5 g FicoU (Type 400, Pharmacia), 5 g polyvinylpyrrolidone, 5 g BSA (Fraction V, Sigma), 
made up to 500 ml with water.
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DNA loading/running dye.
0.25% Bromophenol blue, 40% (w/v) sucrose, made up to volume with water and 1 drop 
of 10 X TAB to bring pH to 7.0
HCI (0.25 M)
9.6 ml HCI made up to 0.5 L with water.
Homogenisation buffer.
1 X burgoynes buffer, 2 mM EDTA, 0.5 mM EGTA, 0.34 M sucrose.
Isolation buffer.
0.15 M NaCl, 10 mM EDTA, 10 mM Tris (pH 7.5).
Hybridisation buffers (Original method)
HYB PRE-HYB
50% formamide 50% formamide
1 X Denhardts reagent 5 x Denhardts
5 X SSC 5 X SSC
10% Dextran sulphate 25 mg Salmon sperm DNA
10 mg Salmon Sperm DNA 1 mg poly A
1 mg poly A 1 mg poly C
1 mg poly C
both solutions were made up to 100 ml with water.
Lowry protein assay solutions.
Solution A. Dissolve 2 g potassium sodium (+) tartrate (.4 H2 O) and 10 g sodium
carbonate in 500 ml of 1 M NaOH. Add water and make up to 1 L, store 
at 4T .
Solution B. Dissolve 2 g potassium sodium (+) tartrate and 1 g of copper sulphate in
90 ml of water and make up to 100 ml with 1 M NaOH. Store at 4°C.
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Solution c. Dilute Folin and Ciocalteau's phenol reagent 1:15 (v/v) with water. 
Prepare fresh each time.
M-9 minimal media plates
6  g Na2 HP0 4 , 3 g KH2 PO4 , 0.5 g NaCl, 1 g NH4 CI and 15 g agarose. Make up to 1 L with 
water and autoclave, and then cool until 50°C and then add 2 ml 1 M MgS0 4 , 0 . 1  ml 1 M 
CaCl2 , 1 0  ml 20% glucose and 1 ml 1 M thiamine-HCl.
MOPS Buffer
0.2MMOPS, O.OIMEDTA, 0.05MNaAcetate. pH 7.0
Loading buffer
0.25 (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol, made in 40% (w/v) sucrose
Luria-Bertaini medium, (LB)
10 g Bacto-tryptone, 5 g Bacto-yeast extract, 5 g NaCl, pH adjusted to 7.5 with NaOH 
and autoclaved.
L-Agar.
1.5% Agar in LB media, autoclave and allow to equilabrate for 1 hour at 58°C before 
pouring into petri dishes.
Neutralization solution:
1.32 M Potassium acetate (pH 4.8).
Nick column buffer.
10 mM Tris base, 1 mM EDTA, adjusted to pH 7.6.
PI buffer:
100 pg/ml RNAse A, 50 mM Tris-HCl, 10 mM EDTA, adjusted to pH. 8.0
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P2 buffer;
200 mM NaOH, 1% SDS.
P3 buffer:
2.55MKAc(pH4.8).
QBT buffer:
750 mM NaCl, 50 mM MOPS, 15% ethanol, 0.15% Triton X-100, adjusted to pH7.0. 
QC buffer:
1.0 M NaCl, 50 mM MOPS, 15% ethanol, adjusted to pH. 7.0.
QF buffer:
1.25 M NaCl, 50 mM MOPS, 15% ethanol, adjusted to pH. 8.2
Reverse transciptase buffer. 10 x stock.
500 mM Tris (pH 8.3), 500 mM Kcl, 100 mM MgCfy make up to lOOmls with milli-Q 
water and autoclave.
SM buffer (À diluent)
5.8 g NaCl, 2 g MgS0 4 .7 H2 0 , 50 ml 1 M Tris.HCl (pH 7.5), 5 ml gelatin (0.1 g/L),make 
up to IL and autoclave
SOC Medium
2% Bacto tryptone, 0.5% Bactoyeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCL 
10 mM MgSO^, 20 mM Glucose.
20 X SSC
3 M NaCl, 0.3 M Sodium citrate, made up to 1 L and adjusted to pH 7.0.
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20 X SSPE
175.3 g NaCl, 27.6 g NaH2 ? 0 4 , 7.4 g EDTA, made up to 1 L and adjusted to pH7.4.
Southern blot denaturing solution.
1.5 M NaCl, 0.5 M NaOH
Southern blot neutralising solution.
1.5 MNaCl, 0.5 M Tris-HCl (pH7.2), 0.001 M EDTA.
STET buffer
8 % sucrose, 50 mM Tris pH 8.0, 50 mM EDTA and 5% Triton X-100.
1 X TAE electrophoresis buffer
40 mM Tris, acetate, 1 mM EDTA, adjusted to pH8.0.
TE buffer;
10 mM Tris-HCl (pH 7.5), 1 mM EDTA.
Trituration buffer
100 mM CaCl2 , 70 mM MgCl2 , 40 mM sodium acetate, adjusted to pH5.5 and filter 
sterilized.
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